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ABSTRACT 
Metal-organic framework (MOF) materials have drawn intense interest in the chemical 
community in the past decade. They exhibit a variety of advantages over conventional porous 
materials and show great promise for a rapidly expanding collection of applications, such as gas 
storage, separation, catalysis, sensing, and drug delivery. The investigation on the 
mechanochemistry of MOFs, however, has been very limited in spite of its relevance to the 
practical application of MOFs. Also, recent reports have demonstrated the possibility to use 
MOFs for mechanical energy absorption via an internal volume collapse mechanism. In this 
dissertation, the mechanical and mechanochemical behaviors of MOFs under compression, 
especially their energy absorption during plastic deformation, are explored. 
The structural impact of static, bulk compression has been examined on a prototypical MOF, 
UiO-66. Upon bulk compression at 1.9 GPa, the effective number for Zr-O bonds between Zr(IV) 
ions and carboxylate groups in UiO-66 decreased from 4.0 to 1.9, as determined by X-ray 
absorption spectra (XAS), and the internal free volume was synchronously collapsed. Consistent 
with the XAS data, IR spectra confirmed conversion of syn-syn bridging carboxylates to 
monodentate ligation, thus establishing mechanochemical reactions induced by external 
compression of MOFs and indicating great endothermicity during this process. 
The mechanical properties and energy absorption of single crystals of UiO-66, along with 
three isostructural UiO-type MOFs, have been measured under uniaxial compression. In-situ 
nanocompression experiments were used to measure the mechanical behavior of individual MOF 
nanocrystals within a TEM. The plasticity and endothermicity during deformation of MOFs 
shows a surprising potential for absorption and dissipation of mechanical shock. At compressive 
stress below 2 GPa, relatively small amounts of energy (<0.3 kJ/g) are absorbed by the 
iii 
 
compression of these MOFs. As the stress was increased, however, the energy absorption was 
significantly enhanced. Above 2 GPa, the energy absorption typically reaches 3-4 kJ/g, 
comparable to the energy release in the explosion of TNT.  
The response of another prototypical MOF, ZIF-8, under compression from dynamic 
shockwave generated by a table-top laser-driven flyer plate system, has been studied. The 
shockwave profile after propagation in ZIF-8 layer is significantly stretched in time compared to 
the direct impact at bare glass substrate, with significantly reduced peak intensity due to the 
formation of a two-wave feature in the shock profile. In post-mortem analysis on impacted ZIF-8, 
it has been discovered that the MOF crystals experience significant deformation with chemical 
decomposition near the impact surface, suggesting the energy absorption mechanism in MOFs 
via sacrificial structural collapse and bond breakage.  
Besides the mechanochemistry of MOFs, the controlled synthesis of three-dimensional (3D) 
superstructure of ZIF-8 has also been investigated. ZIF-8 is found to undergo self-templated 
crystallization from colloids of its amorphous isomorph. The wet-chemistry conversion process 
consisting of hydrothermal and solvothermal steps can be incorporated into a convenient aerosol 
process using an ultrasonic spray pyrolysis (USP) system to afford hierarchically structured ZIF-
8 particles.   
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CHAPTER 1: 
MECHANOCHEMICAL REACTIONS OF METAL-ORGANIC FRAMEWORKS
* 
1.1 Introduction 
Metal organic frameworks (MOFs), sometimes referred to as coordination polymers, have 
drawn intense interest in the chemical community in the past decade. They are constructed as 
“node-spacer” nanostructured materials (Figure 1.1): metal centers (ions or clusters) are 
connected by organic linkers (commonly containing carboxylate or imidazolate groups) to form 
crystalline, extended, and often highly porous structures.
1-12
 MOFs exhibit a variety of 
advantages over conventional porous materials: rationally designed synthesis of desired crystal 
structures and crystal engineering become feasible; great synthetic versatility and ease of 
incorporating different chemical functionalities; use of lightweight organic linkers that allows for 
ultrahigh surface area and porosity previously not accessible to conventional materials (i.e., 
zeolites and porous carbon). As a consequence, MOFs show great promise for a rapidly 
expanding collection of applications, such as gas storage
1,5,13,14
, separations
1,13,15-18
, 
catalysis
3,11,16,19,20
, sensing
21
 and drug delivery
11,22,23
.  
From preparation to application, any material will be subjected to mechanical stresses at one 
point or another in its processing, and MOFs are no exception. For example, the industrial 
applications of MOFs that involve cycles of pressurization/depressurization in gas sorption
24
 
demand a mechanical  robustness that can prove problematic.
25,26
 Even ZIF-8, a MOF well-
known for its exceptional chemical and thermal stability, loses some crystallinity just under 
manual packing.
27
 There has been increasing recent interest in elucidating the mechanical 
                                                 
*
 Parts of this chapter are recreated from the submitted manuscript: Y.-R. Miao and K. S. Suslick, “Mechanical reactions of metal-organic 
frameworks”. Figures are reprinted with permission as noted in the captions. 
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behavior of MOFs. Understanding the origin of their mechanical vulnerability should provide 
further control over their structure-property relationships.
28,29
  The geometry and topology of 
MOFs can be conveniently tuned by rational design, and the essentially unlimited combination of 
metal centers and ligands allows for systematic engineering of bonding modes and pore 
configuration, which in principal fundamentally governs their mechanical properties.  
 
Figure 1.1. The “node-spacer” structure of MOF and some of the representative metal centers 
and organic linkers. Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews 
Materials, ref. 
26
, copyright 2016. 
Recent years have also seen a rapid expansion of MOFs with “flexible” or “dynamic” features, 
in which the MOF framework can undergo substantial structural variation in response to external 
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stimuli, such as solvent inclusion, thermal treatment, or light exposure.
6,30
 Mechanical force, as a 
unique form of energy input, can also be applied to modify the MOF structure and consequently 
change gas adsorption and other properties. The large porosity of MOFs provides a high freedom 
for structural transitions at the molecular level, a deformation regime that is not possible for 
traditional dense materials. The inclusion of various guest species and their complex interaction 
with the framework can also fundamentally alter the behavior of MOFs. Furthermore, the 
structural deformation of MOFs may be utilized for the development of new protective or 
sacrificial materials that might divert destructive mechanical energy into the MOF framework to 
provide protection for personnel and equipment. All these features have begun to draw attentions 
to the emerging field of mechanochemistry in MOFs. 
Mechanochemistry, the connection between the mechanical and the chemical worlds,
31-33
 has 
its origins back in our earliest written records and beyond, from friction to fire.
34
  Only in this 
past decade or so, however, has mechanochemistry gained a notable focus in the chemical 
community with the coming together of a huge diversity of related but quite different specialties, 
ranging from metallurgists to polymer scientists to synthetic organic and inorganic chemists to 
cellular biologists.
31-47
  
A general introduction to the complex mechanical and mechanochemical behavior of MOFs is 
presented in this chapter. The topic will be divided into two sections regarding the 
mechanochemistry of MOFs in the elastic and plastic deformation regimes respectively, as they 
differ significantly in both structural responses and experimental approaches. Some interesting 
applications of MOFs related to the topic, such as mechanical energy storage, will also be 
covered. 
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1.2 Chemical reactions during elastic deformation of MOFs 
1.2.1 Elastic deformations of MOFs 
For deformations that are less than the elastic limit (i.e., the limit of reversible mechanical 
behavior),
48,49
 MOFs generally maintain their crystallinity and X-ray diffraction is a convenient 
method to scrutinize the structural changes. The most common experimental technique to obtain 
crystallographic information on MOFs under high-pressure is diamond anvil cell (DAC) 
experiment.
50-52
 In a DAC, the sample is sealed between two diamond anvils in a gasket chamber, 
which is filled with pressure-transmitting medium (PTM) to apply uniform hydrostatic pressure. 
Usually a ruby chip is included in the chamber for the calibration of pressure using the 
wavelength shift of the ruby fluorescence. Spectroscopic measurements and single crystal or 
powder X-ray diffraction are then performed under hydrostatic compression up to several GPa. 
Mechanical properties, such as bulk modulus and compressibility can also be calculated from the 
measured lattice parameters as a function of applied pressure.  
It is noteworthy that the hydrostatic compression of MOFs inherently will involve solvent 
effects, which is not generally the case with nonporous solids. The pressure-transmitting fluid 
used in DAC experiments can be penetrating or non-penetrating, depending on whether the 
surface chemistry and size of the pores allows the molecules of the fluid to enter the pores of the 
MOF.
53-56
 Such a fundamental difference among liquids leads to liquid-dependent responses 
from MOF crystals, even under the same applied pressure. For example, many MOFs undergo 
some framework expansion when initially-external small molecule liquids are pushed into the 
available MOF porosity as solvates, often at relatively low pressures. In contrast, when 
compression is done using a non-penetrating fluid, MOFs usually undergo monotonic volume 
reduction with increasing hydrostatic pressure. For penetrating fluids, the mechanical behavior 
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of MOF under high-pressure is further complicated by the potential that an intruding solvate 
molecule can cause structural changes even by themselves at ambient pressures (i.e., guest 
uptake induced flexibility or “breathing” behavior).  
During hydrostatic compression of MOFs, some mechanical energy is stored or dissipated by 
means of the volume change of the pressurized medium. The energetics of MOF compression 
can be measured on a commercial liquid intrusion instrument: during the intrusion process, the 
non-wetting pressurized fluid with volume V is forced into the space occupied by MOF at 
pressure P and the mechanical energy stored (i.e., the work done by the external pressure) can be 
calculated as 𝐸 = ∫ 𝑃𝑑𝑉. The higher P and V, the more energy is absorbed. As before, the nature 
of the volume change is dependent on the fluid: the fluid can be forced into the pores if the fluid 
is penetrating, or it can induce structural contraction if it is non-penetrating.  
1.2.2 Pressure-induced reversible chemical reactions: ligation and deligation 
In most reports on high-pressure experiment of MOFs, the structural transition phenomena are 
associated with changes in bond length and bond angle; the framework connectivity is usually 
retained without direct bond scission on the backbone of the framework. In some cases, however, 
the mechanochemical phase transition of MOFs can be caused by rearrangement of bonding that 
leads to fundamentally altered framework topology and connectivity. 
Spencer et al.
57
 reported the pressure-dependent structural evolution of a zinc imidazolate 
framework [Zn2(imidazolate)4] (ZnIm). At ambient pressure, this MOF crystallizes in an α phase 
that belongs to tetragonal space group I41cd. Each Zn center is surrounded by four N atoms from 
imidazolates in a distorted tetrahedral coordination environment and occupies the vertex site of a 
puckered square parallel to the ab plane, with imidazolate located along the edge of the square. 
Under hydrostatic compression above 0.54 GPa, significant reduction in unit cell volume occurs 
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that deviates from the calculation based on equation of state (EoS) for α phase, indicating the 
formation of a new phase, β. Crystal structure reveals that the Zn-Im squares in β phase are 
rotated relative to each other and bridged at diagonal corners by imidazolate anions, resulting in 
contraction in the ab plane and elongation in the c direction to accommodate the closer in-plane 
contact of Zn
2+
. 
A pressure-induced phase transition associated with a substantial bond rearrangement was 
observed in an Er MOF, [tmenH2][Er(HCOO)4]2 (tmenH2
2+
=N,N,N′,N′-
tetramethylethylenediammonium, Figure 1.2).
58
 In this MOF, Er
3+
 ions are eight-coordinated by 
oxygen; each ErO8 polyhedron is connected by HCOO
-
 to neighboring Er atoms to form a layer 
parallel to the bc-plane, and adjacent layers are pillared by a sixth HCOO
−
 bridge parallel to 
the a-axis. Under hydrostatic compression of 0.6 GPa, an abrupt phase transition with ~ 10% 
volume reduction occurs, primarily associated to the contraction along the a-axis. In the high-
pressure phase, the chelating formate groups originally bound to individual Er
3+
 ions at ambient 
pressure are converted to bridging μ2-ligands connecting two Er3+ ions in neighboring layers. 
Accordingly, additional linkages are formed along the a-axis, and the number of neighboring 
Er
3+
 connected to each Er
3+
 increased from 6 to 8, while the symmetry and space group remains 
unchanged. This study presents a rare case of reversible, cooperative bond rearrangement in 
MOFs under pressure. In a separate indentation experiment, they also observed much higher 
resistance on the (001) face than on (100), which can be similarly attributed to the anisotropic 
linkages along these directions.  
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Figure 1.2. (a,c) Coordination sphere for the Er
3+
 ions (green or gray) surrounded by formate 
ligands (red or black, hydrogen atoms not shown) and (b,d) the rearrangement of Er-formate 
coordination bond between phase I and II. Adapted with permission from ref. 
58
. Copyright 2014 
John Wiley & Sons. 
The scarcity of reversible pressure-induced bond rearrangement in MOF backbone may be a 
consequence of high strain and energy barriers associated with the structural transition. 
Coordination modification with solvents, however, can be achieved much more easily, especially 
for many MOFs that have unsaturated, labile metal centers lining the pores. Lanza et al.
55
 
reported pressure-induced nucleophilic addition of guest molecules in a flexible MOF, 
Co3(OH)2btca2 (Co-btca, btca = benzotriazolide-5-carboxylato).  The as-prepared crystals have 
two independent unsaturated Co sites (Figure 1.3) and contain two DMF molecules per 
Co3(OH)2btca2 formula unit that are trapped in the channels through hydrogen-bonding 
interactions with the framework μ3-OH groups. During compression in a non-penetrating fluid, 
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the crystal is readily transformed to a P-1 phase at 0.4 GPa, with a greatly reduced Co-ODMF 
distance, 2.383(18) Å compared to 3.440(9) Å at room pressure, and a dramatic change in Co 
stereochemistry, suggesting an extra coordination of DMF at one of the unsaturated Co site. 
Further compression up to 3.6 GPa significantly reduces the volume by 17%, primarily along the 
a direction that corresponds to contraction of the channel opening, and DMF molecules in the 
pores are forced to reorient parallel to the pore walls. When methanol/ethanol mixture is used as 
a penetrating medium, the DMF solvate molecules are readily exchanged with methanol, and the 
crystal expands at low pressures due to “superfilling”. At 0.3 GPa and 2.2 GPa, two methanol 
molecules are sequentially added to the two coordination sites, resulting in a fully packed, 
saturated framework; upon release of the external pressure, the methanol ligation is lost and the 
structure reverts. The two newly formed Co-OMeOH bonds are both 2.354(17) Å, indicating 
equivalency of the two coordination sites.  
In another example of reversible pressure-induced coordination chemistry, McKellar et al.
59
 
conducted high-pressure diffraction experiment on STAM-1, a MOF based on dimeric paddle-
wheel Cu centers connected by monomethyl-esterified BTC (benzene-1,3,5-tricarboxylate) 
linkers. Similar to Cu-BTC, each of the Cu centers in STAM-1 are surrounded by four equatorial 
oxygen from BTC carboxylates and an axially-coordinated oxygen from water molecules that 
point into the pores. The Cu-bound water molecules can exchange with various organic solvents 
both at ambient and above-ambient pressures, which dramatically changes the size and surface 
hydrophobicity of the pores. In methanol, the structure is stable up to 5.7 GPa because methanol 
can readily exchange with the coordinated water molecule and essentially fill all the void space 
in the framework, thus providing additional resistance to mechanical stress. In contrast, in the 
compression experiment with isopropanol, which is too large to fit into the smaller channels and 
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can therefore only fill half of the total void space, the crystal shattered at only 2.4 GPa. The 
crystal becomes polycrystalline upon exposure to ethanol even at ambient pressure, which is 
attributed to strain-induced collapse of the framework caused by steric hindrance and 
energetically unfavorable environment in the smaller, more hydrophilic pores. 
 
Figure 1.3. Structural changes of Co-btca under hydrostatic compression in a non-penetrating 
fluid. (a) Coordination mode change of Co centers. Co coordination polyhedral in light blue or 
gray (5-coordinated) or dark blue or gray (6-coordinated). (b) Packing of Co-btca as a function of 
applied pressure. Coordinated and disordered uncoordinated DMF molecules are colored in dark 
and light green or gray, respectively. Reprinted with permission from ref. 
55
. 
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1.3 Mechanochemistry during plastic deformation in MOFs 
Within the elastic regime, the temporary deformation of MOF structure is recovered after the 
release of mechanical stress. However, more severe mechanical treatment (which includes ball 
milling, bulk compression, strong hydrostatic compression, and shock impact) can result in 
stresses beyond the elastic limits of MOFs and cause irreversible, plastic deformation. 
Associated with the plastic deformation are mechanochemical consequences that result from 
partial or complete loss of crystallinity and porosity with the accompanying distortion and 
changes to local bonding structure.  
Such plastic deformation can have useful applications, for example, as a means to modify the 
porosity of MOFs and control diffusion kinetics of guest molecules. Moreover, the mechanical 
environment may also trigger unconventional chemical reactivity and point to convenient routes 
for the solvent free synthesis of MOF structures.
60-62
 Finally, very large mechanical energy 
absorption can occur during plastic deformation which suggests the potential of MOFs in shock 
dissipation applications.  
1.3.1 Amorphization and densification of MOFs 
During plastic deformation, the state and structure of a MOF are affected by a variety of 
factors, including the nature of the mechanical effect (bulk compression, ball milling, diamond 
anvil cell (DAC), etc.), intensity of the mechanical action, and its duration. The structural 
evolution of MOFs during mechanical action is often associated with a decrease in crystallinity 
and porosity. These effects are most commonly characterized after the fact, ex situ, at the end of 
mechanical action or after the release of applied pressure. The most common techniques for ex 
situ characterization are X-ray diffraction (usually of powder) and gas adsorption porosimetry. 
Recent advances in total scattering analysis also provide, in principle, a more detailed analysis of 
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the amorphized structure.
63,64
  There have also been recent advances of in situ characterization of 
MOFs during mechanical action (specifically ball milling), and the experimental apparatus for in 
situ monitoring of the mechanochemical processes has provided valuable information on the 
reaction progress and underlying mechanism.
61,65-68
  
1.3.1.1 Ex situ characterization 
Chapman et al.
27
 reported pressure-induced amorphization of ZIF-8 in a hydraulic pellet press 
at applied pressures up to 1.2 GPa. From the N2 adsorption experiment of the amorphized 
products, significant modification in the isotherms were observed: while the total uptake is 
systematically reduced after increasing compression, there is actually increase sorption after 
compression at low pressures, accompanied by the gradual disappearance of multistep features in 
gas uptake profile of untreated ZIF-8 samples. This observation is interpreted in terms of 
homogenization of pore/window dimensions in ZIF-8. Computation results show that the 
mechanical instability of ZIF-8 originates from its low shear resistance against stress.
69,70
 Cao et 
al.
71
 found ZIF-8 can also be amorphized rapidly under ball milling into a solid product with 
increased density and reduced porosity and that the conversion depends on milling time. In a 
total scattering analysis, the amorphous product matches well with a continuous random network 
(CRN) structure modelled from the topology of silica glass, in which the short range order of the 
original ZIF-8 framework is retained.  
The time needed to amorphize porous materials under prolonged mechanical treatment (e.g. 
ball milling) can be used as an indication of their relative structural stability. Baxter et al.
72
 
investigated the amorphization kinetics of several ZIF materials under ball milling and compared 
to that of aluminosilicate zeolites to identify the key structural parameters in determining the 
structural stability. The classical inorganic zeolites, including Na-X, Na-Y and ZSM-5, 
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amorphize four times slower than ZIFs. Among the Zn-containing ZIFs, the rates of 
amorphization increase following the trend of solvent accessible volume in the structure. 
Furthermore, the cadmium derivative of ZIF-8 amorphizes at a faster rate than Zn ZIF-8, which 
can be ascribed to the relatively weak M-N bond. 
Bennett et al. reported mechanical amorphization of several crystalline polymorphs of ZIF-4, 
a zinc imidazolate ZIF, via ball milling for 30 min;
60
 ball milling greatly reduced the time needed 
for amorphization compared to only heating. Total scattering analysis indicates the amorphized 
products from different precursors are indistinguishable from each other. In contrast, high-
pressure compression using DAC experiments on ZIF-4
73
 demonstrate a rare phenomenon that 
the crystal undergoes reversible amorphization irrespective of pore occupancy, and the transition 
takes place at different applied pressures depending on the pressure transmitting fluid. When the 
pores are filled with solvate molecules, an intermediate phase of ZIF-4-I emerges before the 
transition to amorphous state.  
Hu and Zhang
74
 conducted bulk compression of MOF-5 and found the sample was 
irreversibly amorphized at ambient temperature by a employing a low compressing pressure of 
3.5 MPa with complete loss of porosity. The vibrational modes of the Raman spectra of the 
amorphized sample is similar to that of pristine sample, although changes in the relative intensity 
of the bands indicate the amorphization was caused by destruction of some carboxylate groups. 
Banlusan et al.
75
 performed large-scale molecular dynamics (MD) simulation on MOF-5 to 
resolve the structural mechanism for the plastic deformation of MOF-5 under uniaxial 
compression. They found that the deformation can be primarily attributed to the structural 
collapse on 001 plane that involves slip along the <100> direction, facilitated by the flexible 
bonds between Zn-O clusters and BDC ligands. 
13 
 
1.3.1.2 In situ characterization 
Monitoring the evolution of structure in situ during mechanochemical reactions of solids can 
provide very useful information for understanding reaction kinetics and underlying mechanisms. 
Friscic and coworkers developed a milling system that enables in situ and real-time analysis of 
mechanochemical reactions by synchrotron X-ray diffraction.
61,66
 In this regard, it is possible to 
track the progress of reaction and identify the often metastable intermediate species during the 
mechanochemical synthesis and conversion of MOFs.  
The use of mechanochemistry for the synthesis of MOFs has also been reported.
62
 Several ZIF 
phases can be obtained from a liquid assisted grinding (LAG) synthesis using ZnO and imidazole 
type ligands, and the addition of ammonium salts greatly accelerates the reaction rate. With the 
in-situ monitoring system, the reaction kinetics of the MOF synthesis have been studied in some 
detail.
67
 The growth kinetics of crystalline ZIF-8 exhibits a sigmoidal curve, indicating a 
mechanism that involves nucleation and growth of crystallites from amorphous matrix. The 
reaction between ZnO and 2-ethylimidazole proceeded through several intermediate phases with 
zeolitic topologies
76
 of RHO, ANA and β-quartz, and reaction between ZnO and imidazole 
afforded several distinct products depending on the choice of grinding liquid. The complicated 
evolution of multiple phases that appeared during the mechanochemical synthesis of ZIF-8 was 
further investigated by Katsenis et al. (Figure 1.4).
65
 In the presence of small amounts of water or 
water/acetic acid mixture, they observed immediate formation of ZIF-8 upon ball milling, 
followed by gradual amorphization. Extending the ball milling over 50 min transformed ZIF-8 
into a new phase that they termed katsenite, although the exact time of appearance of the new 
phase was difficult to reproduce, possibly stemming from the stochastic processes of nucleation 
from an amorphous matrix. The metastable katsenite phase is readily converted to a nonporous 
14 
 
cubic diamond phase with mild heating, exposure to organic solvents, or further ball milling. 
Interestingly, the dried amorphous phase can be recrystallized to ZIF-8 upon liquid assisted 
milling in the presence of DMF.  
 
Figure 1.4. The evolution of structures present during the balling milling of ZnO and 2-
methylimidazole. The transformation of ZIFs follows the order of increasing T/V value with 
increased thermodynamic stability. Reprinted by permission from Macmillan Publishers Ltd: 
Nature Communications, ref. 
65
, copyright 2015.  
Contrary to the common observation that prolonged ball milling leads to increased framework 
density, the mechanochemical synthesis of Zn-MOF-74
68
 first produced a dense phase before the 
formation of the porous MOF-74 framework. It was proposed that the highly reactive carboxylic 
groups on the ligand first coordinated with Zn, which corresponds to the dense phase, and then 
gradually coordinated to the less reactive phenol groups forming crystalline MOF-74. These 
studies illustrate that the application of dynamic mechanical stress, such as ball milling, may 
provide unique mechanochemical environments not routinely accessible by conventional 
chemistry.  
1.3.1.3 Effect of densification on sorption properties 
MOFs are typically synthesized in the form of loose powders, which require further 
processing, shaping, or recrystallization to be integrated into a functional module for industrial 
15 
 
applications or further characterization (e.g., single crystal x-ray diffraction). In addition, for 
applications where the volumetric adsorption capacity, rather than the gravimetric capacity, is 
critical (e.g., vehicular storage of hydrogen or methane), loose powders are sub-optimal.
25
 
Therefore, there is a practical need to study the effect of compression on densification of MOFs 
and their adsorption performance. 
In order to improve the volumetric density and thermal conductivity of MOF-5 by mechanical 
compaction, Purewal et al. shaped MOF-5 powder into tablets having controllable densities up to 
1.6 g/cm
3
, as compared to the very low 0.13 g/cm
3
 apparent density of the pristine powder.
77
 
From their observation, a significant portion of the pelletized MOF-5 remains crystalline even at 
an applied pressure of 80 MPa and a resulting pellet density of 0.75 g/cm
3
. Although the 
gravimetric BET surface area and pore volume, along with H2 uptake, decreases gradually as the 
powder becomes more compacted, the volumetric hydrogen adsorption capacity reaches a 
maximum of 26.0 g/L at 0.51 g/cm
3
, which is a 350% increase relative to the initial powder and 
about 70% of the theoretical value calculated from H2 adsorption isotherms and crystallographic 
density of the single crystal.  
Another long-lasting concern for the industrial application of many MOFs (and MOF-5 
specifically) are their low chemical stability toward moisture;
78
  for MOF-5, this rapidly reduces 
the H2 adsorption capacity upon exposure to humidity. To tackle this problem, Ming et al.
79
 
measured the adsorption properties of MOF-5 as a function of humidity level, exposure time, and 
sample compaction (i.e., powder vs. pellet). While the gravimetric H2 storage capacity of 
pelletized MOF-5 suffers from the compaction, its kinetic stability to hydrolytic degradation is 
significantly improved. For example, it only takes 2 h to observe a significant decrease in H2 
uptake in powder MOF-5 at 45% relative humidity, whereas after pelletization, ~24 h is needed 
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to suffer a comparable loss in porosity. The improved resistance of the pelletized MOF-5 to 
moisture is attributed to the reduced permeation from densification that affects both 
concentration and diffusivity of water vapor. 
Peterson et al.
80
 pelletized two other archetypical MOFs, UiO-66 and Cu-BTC at pressures of 
1000 and 10,000 psi, and found neither material showed signs of significant structural 
degradation. In another study on pelletized UiO-66-NH2,
81
 the structure remains intact up to 
25000 psi with a slight decrease in surface area. The granules made from powder compressed at 
5000 psi were tested in breakthrough experiments against ammonia and cyanogen chloride to 
simulate the application for air filters and respirator cartridges. In spite of the high equilibrium 
adsorption capacity measured under isostatic conditions, the dynamic breakthrough time 
measured for both gases was significantly shorter than the values measured for porous carbon, 
possibly due to the limited mass-transfer kinetics through the porosity. In contrast, a recent 
simulation study predicts that tensile deformation of ZIF-8 may induce a “gate-opening” effect 
that could improve the diffusion rate of gas sorbents through the pores.
82
 
1.3.1.4 Amorphous MOFs for controlled release and sequestration 
Amorphization of MOFs and the concomitant reduction in pore volume and aperture size may 
detrimentally affect their adsorption performance, but it may also become a simple method to 
control the kinetics of guest diffusion in MOFs post-synthetically without the complications of 
wet chemistry, which could have advantages for some applications, such as the permanent 
storage of harmful chemicals. For example, radioactive iodine (
131
I) in the form of I2 is a gaseous 
waste product from nuclear fission and can be adsorbed by ZIF-8 at a capacity of 5.4 I2 per ZIF-8 
cage.
83
  Chapman et al.
84
 studied the sequestration of I2 from pressure-amorphized ZIF-8 that had 
been preloaded with I2. Pair distribution function (PDF) analysis shows that the local interaction 
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between I2 and the framework is not altered upon amorphization, and it is concluded that the 
reduction of aperture size in ZIF-8 created a kinetic barrier for the iodine release and hence 
improved I2 retention. Amorphization of ZIF-8 and another isostructural MOF, ZIF-mnIm 
(Zn(mnIm)2 where mnIm = 4-methyl-5-nitroimidazolate), during ball milling
85
 also significantly 
enhances their iodine retention abilities, particularly in the case of ZIF-mnIm. For comparison, 
pressure-amorphized ZIF-8 will release iodine and lose weight at 200 ℃,83 whereas this is not 
true for ball milled amorphized samples. This distinction is associated with the complete loss of 
porosity in ZIF-8 under ball milling, in contrast to pressurized ZIF-8 where only part of the pore 
access is collapsed. It was also observed that ZIF-69, with the largest aperture among the ZIFs 
tested in the study, has the highest I2 adsorption capacity but the poorest retention ability.  
The kinetic slowing of guest-release in amorphized MOFs can also be utilized for controlled 
drug delivery. Orellana-Tavra et al.
86
 encapsulated a hydrophilic model molecule calcein (a 
derivative of fluorescein dye) into UiO-66, followed by ball-milling amorphization of the 
framework. In a mock drug delivery test, calcein in amorphous UiO-66 was slowly released over 
a period of 30 days, as opposed to the complete release in only 2 days from crystalline UiO-66.  
The study was extended to explore the drug delivery performance of an isostructural series of 
UiO MOFs with varied linker length and pore size. Using an anticaner drug, α-cyano-4-
hydroxycinnamic acid (α-CHC),87 however, showed no difference between crystalline and 
amorphous MOF, indicating the necessity to balance the pore size of MOFs and size of guest 
molecules to achieve successful and efficient control over the drug release process.  
1.3.2 Plastic deformation and mechanical energy absorption 
Most of the previous reports on mechanical energy absorption of MOFs examine only the 
regime of reversible volume changes (i.e., elastic deformations) using either non-penetrating or 
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penetrating liquids under hydrostatic pressure
53,56,88-92
 with relatively small energies absorbed 
(~10-60 J/g).
93-96
   In contrast, irreversible, plastic deformations in MOFs, which can induce 
large volume collapse, have the potential to absorb much more mechanical energy during 
structural transition under high stresses, which has been investigated recently under both static 
and dynamic (i.e., shock) loading conditions thanks to the development of new experimental 
methods. The remainder of this chapter will focus on the consequences of irreversible changes in 
the structures of MOFs. 
1.3.2.1 Nanocompression 
Nanocompression is a powerful technique to measure the mechanical property of 
nanomaterials.
97
 Specifically for MOFs, this technique allows measurement of mechanical 
parameters and energy absorption of individual nanocrystals at loadings of GPa without 
complications from inter-particle interactions and macroscopic defects. It is usually operated 
inside a scanning electron microscope (SEM) or transmission electron microscope (TEM), where 
a μm-sized flat punch applies uniaxial compression on the sample (even a single nanocrystal) to 
provide load-displacement data while simultaneously recording the morphological evolution of 
the sample with by in-situ videography of the electron microscopy (Figure 1.5).  
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Figure 1.5. Nanocompression for in situ uniaxial compression within a transmission electron 
microscope. Loading force is measured by a piezoactuator pressing the diamond punch against 
the sample crystal. 
The Suslick group observed the plastic deformation and mechanical behavior of individual 
ZIF-8 microcrystals using an in situ TEM nanocompression device.
98
 In the nanocompression 
test, a diamond punch continuously compresses the ZIF-8 crystal without obvious cracking or 
fracture, until the microcrystal was completely flattened at a maximum load of approximately 
4400 μN, and the punch was then retracted from the pancaked-crystal (Figure 1.6). Huge 
deformation and volume reduction were observed during the compression process, which 
corresponds to the compression of internal void volume and amorphization. As a characteristic 
parameter of mechanical stability, Young’s modulus was calculated at each stage of compression. 
The loading modulus (Eload) of 4.6±0.2 GPa is close to the value previously reported from 
indentation experiments on large single crystals (2.9-3.2 GPa).
28
 The unloading modulus (Eunload), 
however, is much larger (41±4 GPa) as a consequence of the dense, amorphous structure 
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generated from ZIF-8 at the maximum compression. This very large change in the modulus is on 
indication of the unique mechanical properties of MOFs that originate from their high porosity. 
 
Figure 1.6. (a-d) TEM images of a ZIF-8 microcrystal uniaxially compressed during the test at 
various displacements: (a) before contact, (b) 60 nm, (c) 270 nm (d) 390 nm. All scale bars are 
200 nm. (e) representative load-displacement curve of a nanocompression test on a 1.2 μm ZIF-8 
microcrystal (left axis, black line) and calculated Young’s modulus as a function of the 
displacement (right axis, blue or  gray line). Reprinted with permission from ref. 
98
. Copyright 
2015 American Chemical Society. 
Interestingly, the mechanical properties of the ZIF-8 microcrystals are dramatically changed 
by the presence of guest solvate molecules within the pores, as demonstrated by compression 
tests on methanol-loaded ZIF-8 microcrystals. Compared to desolvated ones, the methanol 
solvated microcrystals are much more brittle and shatter completely at very low applied loads (~ 
600 μN). 
1.3.2.2 Shock wave energy dissipation 
A shock wave is a mechanical compression or expansion that travels at supersonic speed.
99
 It 
is characterized by a sudden jump of pressure, density and internal energy at the wavefront, 
creating a dynamic environment with rapid compression loading and very high strain rate that 
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inflicts damage in solids, including structures, equipment, and importantly, human bodies as 
well.
100
 As such there is keen interest in developing new mechanisms for shock-protective 
materials. 
101,102
   Compared to dense solids, porous materials show distinct shock response in 
that they have a large free volume to compress when subjected to mechanical stress above the 
elastic limit. This volume collapse converts the mechanical work of shock wave into waste heat, 
thus can be potentially employed in shock attenuation applications.
103
 So far, there are few 
reports on the direct experimental measurement of dynamic shock compression of MOFs, despite 
the large body of research devoted to static compression study. 
In a recent study, Dlott, Suslick and coworkers investigated the possibility of incorporating 
shock-absorbing chemical functionality in the form of nanoporous materials.
104
  Many shock 
absorbing materials (such as sand or foam) function by compactification of void spaces;
101,105
 by 
extending this mechanism down to the nm scale, one may be able to protect against shocks by 
using their energy to drive otherwise harmless endothermic chemical reactions: this would 
weaken the shock by absorbing its energy and attenuating its effects by stretching out the 
remaining energy in time. Based on what is known about detonations, where exothermic 
chemistries sustain a shock wave, in attenuation one can expect the initial bond-breaking 
endothermic steps to happen promptly behind the shock front, while the chemically-stored shock 
energy would be released more gradually, as heat, as broken bonds reform.
104,106,107
  
The first experiment of shock wave impact on MOFs was reported by Wei et al.
108
 The Cu-
BTC was impacted by a Cu flyer plate launched from table-top gas gun system and dynamic 
pressure was generated in the MOF ranging from 0.3 GPa to 7.5 GPa. While the empty 
framework of Cu-BTC was crushed at 0.5 GPa as determined from PXRD, it was found that the 
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inclusion of ferrocene (Fc) into Cu-BTC framework significantly enhanced the shock resistance 
by a factor of six, highlighting the relationship between shock response and porosity in materials. 
Banlusan and Strachan investigated the simulated shock wave response of MOF-5 using 
molecular dynamics with a reactive force field.
109
 The dynamical shock loading results in a two-
wave structure during shock wave propagation in MOF, in which a pore-collapse wave follows 
an elastic precursor wave (Figure 1.7). The pore-collapse wave is responsible for the weakening 
of the leading elastic wave and thus dissipates the shock wave energy. This is in contrast to the 
usual one-wave pattern in dense solid material where pore-collapse energy attenuation pathways 
are not possible.  
 
Figure 1.7. Simulation results of shock wave propagation along [001] direction of MOF-5 
with a piston speed of 0.5 km/s: (a) volume reduction and (inset) atomistic snapshot, showing the 
interface between irreversible pore collapse and the elastic region; (b) velocity and pressure 
profile near the wavefronts. Reprinted with permission from ref. 
109
. Copyright 2016 American 
Chemical Society. 
The Dlott and Suslick groups examined the shock wave impact on the prototypical MOF ZIF-
8
104
 using a table-top laser-driven flyer plate system (Figure 1.8).
110
 In these experiments, the 
MOF sample is made as a uniform layer of ZIF-8 microcrystals on a gold-coated glass window. 
A pulsed laser causes ablation of a small piece of Al foil (the so-called “flyer plate”) that impacts 
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the MOF sample at a controlled velocity of 0-1.6 km/s, generating a shock wave that propagates 
through the ZIF-8 layer. Upon reaching the reflective gold coating, the shock wave is monitored 
by a photon Doppler velocimeter. As observed from the impacted samples, the ZIF-8 
microcrystals undergo increasingly severe morphological change (including as fracture, 
fragmentation, and sintering) as the flyer impact strengthens (Figure 1.9). XRD also reveals loss 
of crystallinity after shock compression. The post-mortem FT-IR results confirm the 2-
methylimidazolate (2-MeIm) group remains intact; the symmetry of the 2-MeIm, however, has 
been lowered and new peaks in the IR confirm asymmetric coordination (Figure 1.10). 
 
Figure 1.8. (a) Crystal structure of ZIF-8. (b) Schematic of the table-top laser-driven flyer 
plate system. Reprinted with permission from ref. 
104
. Copyright 2017 American Chemical 
Society. 
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Figure 1.9. The optical images (a-d) of ZIF-8 layer on glass and the SEM images (e-h) of ZIF-
8 microcrystals after shock compression: (a, e) without shock; (b, f) 0.75 km/s (2.5 GPa), (c, g) 
1.3 km/s (5 GPa), and (d, h) 1.6 km/s (8 GPa). Reprinted with permission from ref. 
104
. Copyright 
2017 American Chemical Society. 
 
Figure 1.10. IR spectra of ZIF-8 crystals (a) without impact, and after dynamic compression at  
(b) 0.75 km/s (2.5 GPa), (c) 1.3 km/s (5 GPa), and (d) 1.6 km/s (8 GPa). The vertical lines 
indicate the new peaks generated by shock compression. Peaks i, ii, and iii, iv, and v are all 
associated with lowered symmetry of the 2-MeIm.
111
 Reprinted with permission from ref. 
104
. 
Copyright 2017 American Chemical Society. 
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The in situ light emission measurements revealed more mechanistic details of the chemical 
effects of the shock compression. In the photoluminescence (PL) measurements, a 351 nm laser 
with a pulse duration of 200 ns was used to excite ZIF-8 with or without flyer plate impact. A 
resulting photoluminescence at 460 nm emission corresponds to the π-π* transition of 2-MeIm 
ligand. For shock velocities <1.6 km/s, the signal is unaffected by the shock, implying no 
significant structural change (consistent with Figure 1.10). In contrast, at velocities >1.6 km/s 
(e.g. 1.9 km/s), the PL is suddenly quenched when the ZIF-8 is impacted, consistent with 
aggravated structural damage under high velocity shock impact. Simultaneously, shock-induced 
emission of ZIF-8 was clearly observed in separate experiments without an excitation laser. It is 
noteworthy that the emission did not appear during the shock, but rather long after the shock had 
passed, 50 ns after impact; the origin of the emission may be the highly exothermic 
recombination of energetic species generated by shock-induced bond breakage along with the 
structural collapse.  
In summary, the shock compression of MOFs induced by km/s flyer plate impacts on ZIF-8 
crystals can have substantial mechanochemical consequences.
104
  The ZIF-8 crystals can 
maintain their crystalline structure with shocks below ≈2.5 GPa (flyer plate velocities of 0.75 
km/s), but lose long range crystalline order at ≈5 GPa (1.3 km/s) and undergo substantial 
morphological changes and fragmentation. Full structural collapse with loss of local symmetry 
occurs with shocks ≈8 GPa (1.6 km/s). Shocks from flyer plate impacts were much more 
devastating to the ZIF-8 crystal morphology than quasistatic DAC compression at comparable 
loading pressures even with a vastly shorter exposure time (nanoseconds vs. minutes). Time-
resolved in-situ PL and shock-induced emission indicate that the higher-velocity impacts that 
destroy the ZIF-8 structure also produce dramatic chemical changes and create high-energy 
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chemical species. At least part of the excess chemical energy generated by shock-induced bond 
scission can be released about 50 ns later (i.e., long after the shock) in an intense emission burst. 
Thus high-velocity impacts on ZIF-8 appear to be able to dissipate the energy of shock waves in 
two distinct ways, by the collapse of the nanoporous network and by endothermic shock-induced 
bond scission. 
1.4 Conclusions  
Many mechanical processes inherently involve chemistry, and mechanochemistry has a long, 
rich history. With the expanding library of MOF structures and the development of 
characterization techniques, the study into the mechanochemistry of MOFs has led to an 
emerging field that correlates structure, property, and applications of these increasingly 
important materials. Originating from the unique structure, a range of exotic mechanochemical 
behaviors of MOFs has been discovered, suggesting real potential in applications such as 
mechanical energy storage and mechanical control of guest release or uptake. Mechanical 
stimulus, as a special form of energy input and as a tunable synthetic tool, also has the ability to 
trigger unusual chemistry and holds great promise for solvent-free synthesis and post-synthetic 
modification of MOFs.  
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CHAPTER 2: 
BOND BREAKAGE UNDER PRESSURE IN METAL-ORGANIC FRAMEWORK
†
 
2.1 Introduction 
The internal free volume of porous materials diminishes upon exposure to mechanical 
compression,
1,2
 with potential chemical consequences. Compared to traditional inorganic porous 
material (e.g., zeolites), metal organic frameworks (MOFs) can have much larger pore sizes and 
surface areas.
3,4
 The effects of pressure, compressional collapse, and the mechanochemistry
5-8
 of 
MOFs, however, have been little studied,
9-15
 whereas their promising applications in gas storage, 
separation and catalysis
16-18
 have been extensively explored over the past decade. When MOFs 
are subjected to strong compression, large negative ∆V and positive ∆S are expected due to the 
collapse of its internal free volume and the loss of crystallinity.
11-13,19
 Thus, one may 
speculate
13,20,21
 that MOFs might function as lightweight protective materials to absorb 
mechanical energy from shockwaves by their collapse and by endothermic bond breakage during 
their collapse. 
In a prior study of a relatively compact framework solid (the Zn-imidazolate system called 
ZIF-8), we found that ZIF-8 lost porosity and long range order upon compression at ~2 GPa, 
while its local structure around the bridging Zn ion (ZnN4) was maintained.
11
 In contrast to ZIF-8, 
we have now discovered with the more expansive structure of UiO-66,
22
 the first compression-
induced endothermic bond breakage in MOF systems. Specifically, upon bulk compression of 
UiO-66 (Figure 2.1) at 1.9 GPa, the effective number for Zr-O coordination bonds between 
                                                 
†
 Parts of this chapter are recreated from the accepted manuscript: Z. Su, Y.-R. Miao, G.-H. Zhang, J. T. Miller and K. S. Suslick, “Bond 
breakage under pressure in a metal organic framework”, Chem. Sci., 2017.  
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Zr(IV) ions and carboxylate groups decreased by half and substantial mechanical energy was 
absorbed in the amorphization process. 
 
Figure 2.1. Structure of UiO-66. (a) Extended 3D structure, showing the bridging 
terephthalates ligated to zirconia clusters. (b) Coordination geometry around the 
Zr6O4(OH)4(O2CR)12 clusters.  
2.2 Experimental procedures 
2.2.1 Synthesis of UiO-66 nanocrystals  
UiO-66 nanocrystals were prepared using a previously reported method with some 
modifications.
23
 ZrCl4 (93 mg, 0.4 mmol) and terephthalic acid (67 mg (0.4 mmol) were 
separately dissolved into 10 mL DMF. Acetic acid (2.8 mL, 50 mmol) was first added to the 
DMF solution of terephthalic acid with stirring, and the mixture was then poured into the DMF 
solution containing ZrCl4. The final mixture was transferred to a 100 mL Pyrex bottle and heated 
in oven at 120°C for 24 h. The solid product was collected through centrifugation and washed 
twice with DMF and methanol, respectively. The product was immersed in methanol overnight 
to exchange remaining guest DMF solvates with methanol. After centrifugation, the product was 
heated to 200°C under vacuum for 10 hours to fully remove all guest solvates. Desolvated UiO-
66 was placed in the desiccator until used. 
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2.2.2 Sample preparation and piston compression measurements  
50 mg desolvated UiO-66 nanocrystals were placed in a 13 mm diameter die and vertically 
compressed by a hydraulic piston pelletizer (up to 25 ton load, i.e., 1.9 GPa). After compression, 
UiO-66 crystals became pressed pellets. After releasing the pressure, the pellets were 
characterized by FT-IR, PXRD, XAS and BET analysis.  
2.2.3 Instrumentation 
Scanning electron microscopy (SEM) was performed using a Hitachi S-4800 field emission 
microscope at an accelerating voltage of 10 kV.  The samples were prepared on Si wafers, then 
sputtered with a very thin layer of Au/Pd. BET surface area measurements were performed with 
a Nova 2200e, Quantachrome Instruments. FT-IR was performed on a Perkin-Elmer 
SpectrumBX instrument fitted a SensIR Technologies DuraSampleIR II ATR unit. Transmission 
electron microscopy (TEM) was performed on a 200 kV JEOL LaB6 TEM. The in situ video 
was captured using a Hysitron PI95 TEM Picoindenter accessory, Hysitron Corporation, 
Minneapolis, MN.  
2.2.4 XANES and EXAFS data collection and analysis 
 X-ray absorption measurements were acquired on the bending magnet beam line of the 
Materials Research Collaborative Access Team (MRCAT, sector 10) at the Advanced Photon 
Source, Argonne National Laboratory. Photon energies were selected using a water-cooled, 
double-crystal Si(111) monochromator, which was detuned by approximately 50% to reduce 
harmonic reflections. Measurements were made in transmission mode using 25 vol% argon with 
75 vol% nitrogen in the incident ionization chamber (10% absorption at 18300 eV) and a mixture 
of ca. 95 vol% argon with 5 vol% nitrogen in the transmission ionization chamber (30% 
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absorption at 18300 eV). Data points were acquired in six separate regions (energies relative to 
the elemental Zr K-edge 17998 eV): a pre-edge region (-250 to -50 eV, step size = 10 eV, dwell 
time = 0.1 s), a second pre-edge region (-50 to -20 eV, step size = 2 eV, dwell time = 0.1 s), the 
XANES region (-20 to +30 eV, step size = 0.3 eV, dwell time = 0.3 s), an initial EXAFS region 
(+30 eV (2.80 Ȧ-1) to 6 Ȧ-1, step size = 0.07 Ȧ-1, dwell time = 0.5 s), a second EXAFS region (6 
Å
-1
 to 9 Å
-1, step size = 0.07 k, dwell time = 1.0 s) and the final EXAFS region (9 Ȧ-1 to 13 Ȧ-1, 
step size = 0.07 k, dwell time = 1.5 s). The detector settling time was 0.1 s prior to each 
measurement with a beam size of 1.5 mm × 0.5 mm. Each sample (5.0 mg) was mixed with SiO2 
(25 mg), and then the mixture was grinded well with mortar and pestle. 30 mg of the mixture was 
pressed into a cylindrical sample holder consisting of six wells with a radius of 2.0 mm, forming 
a self-supporting wafer. The sample holder was placed in a quartz tube (1-in. OD, 10-in. length) 
sealed with Kapton windows by two Ultra-Torr fittings and then used for transmission mode 
measurement. The edge energy of the X-Ray absorption near edge structure (XANES) spectrum 
was determined from the inflection point in the edge, i.e., the maximum in the first derivative of 
the XANES spectrum. Background removal and normalization procedures were carried out using 
the Demeter software package 0.9.24 using standard methods of Athena. Standard procedures 
based on Artemis software were used to extract the extended X-ray absorption fine structure 
(EXAFS) data. The crystal structure (CCDC 733458) of UiO-66 was used as the fitting model, 
and the amplitude reduction factor was obtained by fixing the coordination number of the 
uncompressed UiO-66. The same amplitude reduction factor was then used to fit the compressed 
samples. The coordination parameters were obtained by a least square fit in R-space of the 
nearest neighbor, k
2
-weighted Fourier transform data. The data fit equally well with either k
1
 or 
k
3
 weightings. 
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2.3 Results and discussion 
2.3.1 Crystal structure and preparation of UiO-66 
The structure of UiO-66 (Figure 2.1) has octahedral Zr6O4(OH)4 clusters that are syn-syn 
bridged by 12 carboxylate groups from bridging terephthalates.
22
 The Zr6-octahedra are capped 
alternatively by µ3-O or µ3-OH groups, which connect each Zr(IV) to four other Zr(IV), with a 
Zr···Zr distance of 3.513(1) Å. There are two types of Zr-O bonds in UiO-66: the Zr-carboxylate 
(Zr-OCOO, 2.232(2) Å) and the Zr-bridging O/OH (Zr-Oµ3-O, 2.108(3) Å).  
 
Figure 2.2. SEM image of the UiO-66 nanocrystals as synthesized. 
UiO-66 nanocrystals were synthesized by a solvothermal method and desolvated, as per prior 
literature with minor modification.
23
 The UiO-66 nanocrystals have a well-defined octahedral 
morphology with an average size of 600 nm (Figure 2.2). Desolvated UiO-66 (50 mg) was 
placed in a 13 mm diameter stainless steel die and axially compressed by a hydraulic piston 
pelletizer at applied pressures up to 1.9 GPa; after release of the applied load, irreversible 
changes in morphology and amorphization were observed (Figure 2.3). The UiO-66 nanocrystals 
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underwent deformation and agglomeration with increasing applied pressure, converting from an 
initially well-defined octahedral morphology to irregular flattened agglomerates (Figure 2.3). 
 
Figure 2.3. SEM images of UiO-66 nanocrystals (a) as prepared, and after applied 
compressive pressures of (b) 0.4 GPa, (c) 0.8 GPa, (d) 1.1 GPa, (e) 1.5 GPa, and (f) 1.9 GPa. 
 
Figure 2.4. PXRD of UiO-66 nanocrystals after compression by a hydraulic piston followed 
by pressure release. Identical conditions were used for obtaining all PXRD patterns so the 
intensities of the diffraction peaks can be quantitatively compared.   
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2.3.2 Characterization of UiO-66 after compression and release  
The BET surface area of the UiO-66 dramatically decreased upon compression, from 1050 
m
2
/g for the initial nanocrystal to 76 m
2
/g after compression at 1.9 GPa (Table 2.1), similar to 
our observations with ZIF-8.
11
 The powder X-ray diffraction (PXRD) pattern of the sample after 
compression under applied pressures ≤0.4 GPa was consistent with uncompressed UiO-66 
(Figure 2.4); after compression above 0.4 GPa, however, the PXRD patterns were weak, 
consistent with irreversible amorphization upon pore collapse. 
Table 2.1. BET Surface Areas for UiO-66 and ZIF-8 crystals 
as a function of applied compression pressure (m
2
/g). 
  
Sample ZIF-8 UiO-66 
As prepared 1340 1050 
after 0.4 GPa 1112 804 
after 0.8 GPa 854 493 
after 1.1 GPa 509 207 
after 1.5 GPa 438 128 
after 1.9 GPa 253 76 
 
To understand better the effects of compression on the solid state structure, we examined the 
FT-IR spectra of the UiO-66 samples as a function of applied pressure. The spectrum of 
uncompressed UiO-66 (Figure 2.5 and 2.6) is consistent with previous reports:
22
 the strong sharp 
bands at 1578 cm
-1
 and 1390 cm
-1
 are assigned to the asymmetric and symmetric stretch of the 
carboxylate groups from the terephthalate, respectively, consistent with the syn-syn bridging 
mode of the carboxylate group in other complexes (Figure 2.7).
24
  
After compression at 0.4 GPa, most absorption bands in the FT-IR spectrum remained 
unchanged (Figure 2.6) except for bands from the carboxylate group (Figure 2.5). The 
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carboxylate stretch at 1578 cm
-1
 broadened and a shoulder band at 1550 cm
-1
 appeared, which is 
a characteristic asymmetric stretch for monodentate coordinated carboxylates (Figure 2.7).
24
 This 
change indicates that the coordination mode of carboxylate group in UiO-66 has partially 
transitioned from the syn-syn bridging to a monodentate coordination mode, and the bond 
between the carboxylate and Zr(IV) (Zr-OCOO) has been substantially broken. Combining these 
results with PXRD after compression at 0.4 GPa, the long range order of UiO-66 has been 
maintained, but the local coordination environment around Zr(IV) has been partially changed.  
As the pressure of the compression was increased, the shoulder band at 1550 cm
-1
 became 
enhanced and the band at 1390 cm
-1
 greatly broadened. The other major bands remained the 
same although slight broadening was observed (Figure 2.5). After compression at 1.9 GPa, the 
shoulder band intensity at 1550 cm
-1
 becomes comparable to the stretching band at 1578 cm
-1
, 
indicating more Zr-OCOO bonds between carboxylate and Zr(IV) have been broken with 
increasing applied pressure. 
 
Figure 2.5. FT-IR spectra of UiO-66 over the range of 1650-1250 cm
-1
 after compression and 
release. 
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Figure 2.6. FT-IR spectra over the range of 3750-720 cm
-1 
of UiO-66 nanocrystals after 
compression and pressure release, and the intensity of absorbance was normalized based on the 
intensity at 1019 cm
-1
. 
 
  
Figure 2.7. Change in coordination mode of the bridging carboxylate within each Zr-O cluster 
in the UiO-66 upon compression. 
 
2.3.3 X-ray absorption spectra of the UiO-66 after compression and release 
To understand quantitatively the bond breakage in UiO-66 after compression, X-ray 
absorption spectroscopy (XAS) was employed to probe the local coordination environment 
around Zr(IV) ions (Figure 2.8).
25
 The oxidation state and coordination geometry were obtained 
from the X-ray absorption near edge structure (XANES), and information regarding the 
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coordination numbers can be extracted from the extended X-ray absorption fine structure 
(EXAFS).
26,27
 
As suggested by the XANES spectra (Figure 2.8(a)), the oxidation state of Zr remains +IV 
after compression at 0.4 through 1.9 GPa.  The systematic increase at the feature at 18003 eV 
and decrease at 18020 eV as a function of extent of compression indicate a decrease in the local 
symmetry around Zr(IV) ions.
25
 The feature at 18003 eV may be assigned as the dipole-
forbidden 1s-4d transition. In the uncompressed UIO-66, the Zr ions are in a relatively 
symmetric Zr6-octahedra, which has a little d-p mixing, so the 1s-4d transition shows a very 
small peak. After compression, the geometry around Zr is not preserved, and greater local 
asymmetry gives more 4d-5p mixing and leads to an increase in intensity of the transition. The 
feature at 18020 eV may be assigned to the dipole-allowed 1s-5p transition; the observed 
decrease of this feature after compression is also consistent with increased 4d-5p mixing.  
In the EXAFS spectrum for the uncompressed UiO-66 (Figure 2.8(b)), two major peaks were 
observed. The first corresponds to the nearest neighbors of the Zr(IV) ion, i.e., the Zr-O shell; 
overlapping features at 1.5 Å and 1.8 Å (phase uncorrected distances) correspond to the Zr-Oµ3-O 
and Zr-OCOO bonds, respectively, which have different bond lengths (Zr-Oµ3-O < Zr-OCOO). The 
second intense peak at 3.1 Å is ascribed to the next-nearest neighbors, i.e., the Zr···Zr shell. 
46 
 
 
Figure 2.8. (a) XANES spectra for UiO-66 samples as a function of compression at applied 
pressures ranging from 0 to 1.9 GPa. Inset shows the zoomed in pre-edge region. (b) Magnitude 
of the k
2
-weighted Fourier transform of the EXAFS spectra of UiO-66 as prepared and after 
compression at various applied pressures followed by release. Insets are magnifications of the 
region shown. 
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After compression, EXAFS spectra show changes in the coordination environment around 
Zr(IV) in UiO-66 (Figure 2.8). The peaks at 1.8 Å and 3.1 Å dramatically decrease with 
increasing compression, which indicates the loss of Zr-OCOO bonds and Zr···Zr contacts, 
consistent with the observations from the FT-IR spectra (Figure 2.5). In contrast, the peak 
intensity at 1.5 Å (from the Zr-Oµ3-O bonds) stays the same regardless of the extent of 
compression, which implies that the inner Zr-Oµ3-O bonds were not affected by compression.  
The extent of bond breakage of Zr-O coordination that occurs during compression has been 
measured from our EXAFS results. Fitting the R-space EXAFS spectra permitted a more 
quantitative modeling of the bond breakage that occurs during pressurization (shown in 
Appendix), and the results are summarized in Table 2.2. For UiO-66 before compression, the 
fitting results are consistent with the XRD single-crystal structure: each Zr(IV) has 4 Zr-OCOO 
bonds, 4 Zr-Oµ3-O bonds, and 4 Zr···Zr next nearest neighbor contacts. For UiO-66 after 
treatment at 0.4 GPa, the effective number per Zr(IV) ion for Zr-OCOO bonds and Zr···Zr 
scatterers decreased to 3.0 and 2.5, respectively. As compression is increased, the effective 
number of Zr-OCOO bonds and Zr···Zr scatterers monotonically decreases to 1.9 and 2.1, 
respectively, after compression at 1.9 GPa. This change coincides with the loss in pore volume 
(Table 2.1). The EXAFS spectra indicate that upon pressure-induced amorphization and pore 
collapse, roughly half of the initial Zr-OCOO bonds appear to have been broken: the total 
coordination number of the Zr(IV) ions goes from 8 to roughly 6 (i.e., 4 unchanged Zr-Oµ3-O 
bonds with the number of Zr-OCOO bond decreased from 4 to 1.9, as seen in Table 2.2).  
The FT-IR data are consistent with the EXAFS observations of bond breakage. The 
observation of well-defined isosbestic points in the FT-IR spectra after compression (Fig. 2.5 and 
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2.6) suggests the presence of only two species: the initial eight-coordinate bridging carboxylates 
and the putative six-coordinate monodentate carboxylate species formed during amorphization. 
The bond length measured from the EXAFS spectra were generally consistent with similar 
structures determined by single-crystal XRD. The fitted bond lengths of Zr-OCOO, Zr-Oμ3-O and 
Zr···Zr were 2.27 Å, 2.12 Å and 3.53 Å, respectively, which are consistent with those from the 
XRD single-crystal structure
22 
 of UiO-66 (Table 2.2).
 
The average fitting bond length of the 
existed Zr-OCOO bond keeps increasing as the applied pressure is increased and as the transition 
from syn-syn bridging to monodentate ligation occurs. After application of 1.9 GPa during 
compression, the average fitting bond length of Zr-OCOO bond increased from 2.27 Å to 2.33 Å.  
Table 2.2. Summary of EXAFS Fitting Results. FT range: 3.5-12.5 Å
-1
; fitting range: 1.25-
3.48 Å. In both XANES and EXAFS spectra, UiO-66 samples after compression at 0.8 and 1.1 
GPa are very similar, as are the spectra after compression at 1.5 and 1.9 GPa. 
Pressure (GPa) Bond Types Coordination Numbers Bond Length (Å) 
UiO-66, as-prepared 
Zr-OCOO 4.0 2.27 
Zr-Oµ3-O 4.0 2.12 
Zr···Zr 4.0 3.53 
0.4 
Zr-OCOO 3.0 2.29 
Zr-Oµ3-O 4.0 2.14 
Zr···Zr 2.5 3.54 
0.8/1.1
 
Zr-OCOO 2.2 2.30 
Zr-Oµ3-O 4.0 2.14 
Zr···Zr 2.4 3.54 
1.5/1.9
 
Zr-OCOO 1.9 2.33 
Zr-Oµ3-O 4.0 2.16 
Zr···Zr 2.1 3.54 
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Figure 2.9. After compression, the effective number of Zr-carboxylate oxygen (Zr-OCOO) 
bonds (shown in yellow) for each Zr(IV) ion decreased from 4 to ≈2. 
Prior literature on structural consequences of pressureinduced amorphization of MOFs is 
limited. Theoretical modeling of MOFs have very recently predicted substantial structural 
rearrangement after compression,
21,28
 but this is the first time that compression-induced bond 
breakage in MOFs has been directly observed. In ball-milling of crystalline UiO-66 sample, 
there is a similar phenomenon reported.
29
 The Zr6O4(OH)4 clusters appear to remain intact, but ~ 
6.8% of the total Zr-OCOO bond were broken during ball-milling, as attributed to a new feature in 
the solid state 
13
C NMR of the amorphized UiO-66. Given the difficulties in estimating effective 
pressures during ball-milling and the random orientation of collision of crystals with the balls, a 
more detailed comparison is not possible.  
2.3.4 Absorption of mechanical energy 
 Compression-induced bond breakage provides a potential application of MOFs as mechanical 
energy absorbers for hydrostatic and shock compression. In the complex of Zr4O2(CHF2COO)12, 
the bridging carboxylate groups are in the same syn-syn coordination mode to Zr(IV) ions as in 
UiO-66, and the Zr-OCOO bond between the carboxylate group and Zr(IV) ions has a bond length 
of 2.23 Å,
30
 which is very close to the Zr-OCOO bonds in UiO-66. According to a DFT 
calculation,
31
 the binding energies for CHF2COO
-
  to the Zr4-cluster is -143 kcal/mol, i.e., the 
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bond enthalpy for each Zr-OCOO bond is approximately half, i.e., 72 kcal/mol, which should be 
comparable to the Zr-OCOO bond energy in UiO-66.   
As discussed earlier, after compression of bulk UiO-66 to 1.9 GPa, the EXAFS data for UiO-
66 show that two Zr-OCOO bond per Zr(IV) ion have been broken.  Each UiO-66 unit cell has six 
Zr(IV) ions (Zr6O4(OH)4(BDC)12 where BDC = terephthalate and and a unit cell molecular 
weight of 1662 g/mol).  Let us assume a simple model in which all six Zr(IV) ions, which were 
initially each eight-coordinate (four Zr-OCOO and Zr-Oµ3-O bonds), are converted to six-
coordinate Zr(IV) (two Zr-OCOO and four Zr-Oµ3-O bonds).  In this case, an estimate of the 
absorbed energies per gram from such endothermic bond breakage of UiO-66 after compression 
at 1.9 GPa can be approximated as 
𝐵𝐸 ∗  #𝐵𝐵 
𝑀𝑊
=  
72 kcal mol⁄ ∗ (2 ∗ 6)
1662 g/mol
= 0.52 kcal g = 2.1 kJ/g⁄  
where BE is the bond enthalpy and #BB is the number of broken bonds per unit cell, and MW 
is the molecular mass of the unit cell.  This simple model, then, accounts for a significant 
fraction of the total absorbed mechanical energy during the compression of UiO-66. 
Thus, if two Zr-OCOO coordination bonds per Zr ion are broken (as demonstrated from the 
EXAFS data), each gram of UiO-66 after the pressurization to 1.9 GPa would have converted 
~2.1 kJ mechanical energy to chemical energy (assuming no compensating increase in other 
bonding in the amorphized structure). This predicted conversion of mechanical energy (~2.1 kJ/g) 
is about 70 times the experimentally observed energy absorbed by reversible elastic deformation 
of MOF MIL-53 (maximum ~0.033 kJ/g), and more than 200 times the energy absorbed during 
intrusion experiments on mesoporous silica (~4-12 x 10
-3
 kJ/g).
32-34
 One may conclude that Zr-
OCOO bond breakage is the primary component of the large energy absorbed during 
compressional collapse of UiO-66.  
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2.3.5 Comparison to other MOFs 
Not all MOFs will necessarily break bonds during compression and void collapse.  In a prior 
study, we found that another framework solid, ZIF-8 (zeolitic imidazolate framework-8), also 
lost porosity and long range order upon static compression up to ~2 GPa; in contrast, however, 
ZIF-8 maintained its local structure around the bridging Zn ion (ZnN4).
11
  We suggest that this is 
probably due to the relative compactness of the 2-methylimidazole ligand and the relatively 
dense structure of ZIF-8 compared to UiO frameworks.  Indeed, our choice of UiO-66 for this 
study was predicated on its longer bridging ligand (terephthalate) and larger pore size, in 
addition to the extremely high chemical and thermal stability of the UiO frameworks.
35,36
 
Moreover, unlike the free rotation between the 2-methylimidazole (2-MeIm) to Zn(II) ions  
under compression, the orientation between the ligand terephthalate and Zr6O4(OH)4 clusters was 
fixed by the bidentate syn-syn bridging of the carboxylates, again leading one to expect greater 
rigidity in UiO-66 compared to ZIF-8.
29,30,36
 
Our preliminary study on the mechanical property of isoreticular UiO MOFs under the 
compression has shown that the plasticity and endothermicity during the deformation of UiO 
MOFs displayed a surprising potential for absorption and dissipation of mechanical shock.
12
 The 
absorbed mechanical energy was calculated from individual UiO nanocrystals during one cycle 
of loading and unloading, as also used in this study, for a range of different bridging 
dicarboxylate bridges. The work here for the high pressure treatment of bulk UiO-66 samples 
further confirmed the capacity of the absorption and dissipation of mechanical energy.  
The mechanical property of UiO MOFs also depends on the defects in the structure.
37
  Defects 
in UiO-66 solids are due primarily to vacancies in the coordination of the bridging terephthalates 
to the Zr6O4(OH)4 clusters when water molecules or added “modulators” (as HCOOH or 
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CH3COOH, which aid in crystallization) replace terephthalate during crystal growth.
38,39
  
Adsorption and thermal-mechanical property can be tuned by the density of defects in the 
structure.
37,40
 We were able to quantify such defects in UiO-66 by digesting desovlated UiO-66 
in H2SO4/DMSO-d6 solution and analyzing the relative amount of dicarboxylate ligand and 
monocarboxylate modulators by 
1
H-NMR.
12
  Indeed, the mechanical stiffness of UiO-66 
depends very strongly on the defect concentration in the solid.
12
 
The Zr-OCOO bonds in UiO-66 break as the collapse of the internal porosity occurs at relative 
low applied pressure (0.4 GPa).  This mechanical behavior is rather different than that of another 
porous MOF, MIL-53.
34
 The structure of MIL-53 is built from trans corner sharing octahedra 
MO4(H2O)2 (M= Al(III) or Cr(III)) chains linked to each other by terephthalates.
41,42
 Upon 
compression up to 1.0 GPa, MIL-53 underwent a reversible structure transition, from a large 
pore phase to narrow pore phase, where the coordination bonds were maintained.
34
 It may be that 
MIL-53 at higher compressive pressures would also undergo irreversible bond breakage.  
There are three responses that porous materials can have to compression from applied 
pressure: (1) in flexible or soft porous materials, the internal free volume collapses and 
densification occurs, generally with local structure maintained;
20,32,34
 for example, ZIF-8
11
 or 
MIL-53
34
; in hard materials, (2) more substantial structural change may be associated with 
pressure-induced phase transitions;
43
 and as we have seen here, in rigid porous materials, (3) 
bond breakage at rigid sites in the structure may occur. The orientation of the terephthalate 
ligands in UiO-66 is fixed by the Zr6-linker, and therefore the Zr-O bonds between the 
carboxylate groups and Zr(IV) are vulnerable to breakage. In all three mechanisms, porous 
materials store the mechanical energy into the framework during compression, but endothermic 
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bond breakage is likely to be far more endothermic.  The first two responses may or may not be 
reversible upon pressure release, but the third may be generally expected to be irreversible. 
2.4 Conclusions  
In this work, we have explored the subtle relationship between the mechanical properties and 
structures of metal-organic framework solids and discovered mechanochemical
5-8
 reactions in 
MOFs.  We have reported the compression-induced bond breakage in a MOF as demonstrated 
through EXAFS and confirmed by IR spectra.  The bond breakage is a consequence of changes 
forced upon the extended structure of MOFs as pore collapse occurs. Collapse of the pores in 
UiO-66 forced the breakage of Zr-O bonds between the bridging terephthalates to the 
Zr6O4(OH)4 clusters. We have quantitatively investigated the nature of bond breakage as a 
function of the compressional pressure and provided structural information about the transition 
during compression.  The mechanochemistry of MOFs is strongly endothermic substantial 
energy was irreversibly absorbed in the solids during collapse, comparable in magnitude to the 
energy released by typical explosives.  
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CHAPTER 3: 
MECHANICAL ENERGY STORAGE DURING NANOCOMPRESSION OF METAL-
ORGANIC FRAMEWORKS
‡
  
3.1 Introduction 
Metal-organic frameworks (MOFs) have been extensively studied over the past decade for 
potential applications in gas storage, separation, and catalysis.
1-4
 Recently, there is a growing 
interest in the mechanical properties of MOFs and their related structural changes under 
pressure,
5-8
 and such studies are primarily carried out using nanoindentation
9,10
 and diamond 
anvil cell (DAC)
11-13
 techniques. Little exploration of MOFs’ mechanical properties, however, 
has been reported under high pressures beyond the elastic limits, which is essential to evaluate 
their performance during significant mechanical stress. Furthermore, the accompanying energy 
absorption during the structural transition of MOFs under compressive stress is an interesting 
phenomenon that might prove useful for a new generation of mechanical energy absorbing 
materials.
14-17
 Recent developments in impact mitigating macro- and micro-structural 
architectures and composites
18,19
 emphasize the need for a fundamental understanding of the 
mechanical properties of their components, including elastic modulus, yield strength and load-
capacity, especially under extreme conditions (such as shockwave pressures).
20
 The possibility of 
extending impact mitigation to nanostructured materials motivated us to investigate the 
mechanical and energetic property of MOFs at high pressures. 
Among the various MOF structures reported to date, the isoreticular UiO MOFs are highly 
attractive due to their chemical stability and synthetic versatility.
21-24
 The UiO MOFs consist of 
                                                 
‡
 Parts of this chapter are recreated with permission from work published as: Y.-R. Miao, Z. Su and K. S. Suslick, “energy storage during 
compression of metal−organic frameworks”, J. Am. Chem. Soc., 2017, 139, 4667-4670. 
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Zr6O4(OH)4 clusters interconnected by rigid dicarboxylate ligands, whose size and chemical 
functionality can be readily tuned (Figure 3.1). The high framework connectivity (each 
Zr6O4(OH)4 cluster is linked to 12 other clusters) makes UiO MOFs very stable and capable of 
retaining porosity even after removal of solvates.
25,26
 
We have previously shown that an in-situ nanocompression experiment inside a transmission 
electron microscope (TEM) is a useful tool in visualizing the compression-induced deformation 
of individual ZIF-8 microcrystals.
8
 In this chapter, the plastic deformation of isostructural UiO 
MOFs using this nanocompression technique was studied. Specifically, we synthesized 
nanocrystals of four UiO MOFs: MOF-801 [Zr6O4(OH)4(fumarate)6],
21,22
 UiO-66 
[Zr6O4(OH)4(terephthalate)6], UiO-67 [Zr6O4(OH)4(bpdc)6] (bpdc: 4,4’-biphenyl 
dicarboxylate)
24
 and UiO-abdc [Zr6O4(OH)4(abdc)6] (abdc: 4,4’-azobenzene dicarboxylate)
23
 
(Figure 3.1).  
 
Figure 3.1. Crystal structures of (a) the Zr6O4(OH)4 cluster and UiO-MOFs: (b) MOF-801, (c) 
UiO-66, (d) UiO-67 and (e) UiO-abdc, with the corresponding dicarboxylic acid precursors 
below each structure.  Zr: turquoise, C: black, O: red, N: blue, H omitted for clarity. 
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The mechanical behavior of the UiO MOFs was measured by recording the load-displacement 
curve of individual MOF crystals during uniaxial compression with a flat-punch nanoindenter in-
situ TEM. We find that the elastic modulus and mechanical energy absorption of UiO MOFs are 
strongly dependent on the maximum applied pressure, which provides insights into the complex 
mechanical behavior of MOFs and their potential applications under extreme conditions. 
3.2 Experimental procedures 
3.2.1 Synthesis of UiO MOF nanocrystals 
The UiO MOF nanocrystals were synthesized as per previous reports.
27
 Generally, zirconium 
precursor (zirconium (IV) chloride (ZrCl4) or zirconium (IV) oxychloride octahydrate 
(ZrOCl2·8H2O)), dicarboxylic acid ligand and monocarboxylic acid modulator were dissolved in 
5 ml of N,N-dimethyformamide (DMF) at room temperature. The mixture was then transferred 
to a glass vial with a Teflon-lined cap and heated in a 120 °C oven for 24 h. After cooling down 
to room temperature, the product was collected by centrifugation and washed with DMF and 
methanol multiple times. The collected nanoparticles were soaked in methanol overnight at room 
temperature, desolvated at 120 °C for 24 hours to remove the guest solvates from the pores, and 
stored in a desiccator. The detailed synthetic parameters are summarized in Table 3.1. 
Table 3.1. The precursors and modulators for UiO MOFs and their concentrations. H2bdc: 
terephthalic acid; H2bpdc : 4,4’-biphenyl dicarboxylic acid; abdc: 4,4’-azobenzene dicarboxylic 
acid. 
 
MOF Zr precursor (mM) Ligand (mM) Modulator (M) 
MOF-801 ZrCl4, 15 Fumaric acid, 45 Formic acid, 4.5 
UiO-66 ZrCl4, 20 H2bdc, 20 Acetic acid, 2.5 
UiO-67 ZrOCl2·8H2O, 30 H2bpdc, 30 Acetic acid, 1.5 
UiO-abdc ZrOCl2·8H2O, 30 H2abdc, 30 Acetic acid, 1.5 
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3.2.2 Synthesis of cuprous oxide (Cu2O) nanocrystals 
Octahedral Cu2O nanocrystals were synthesized as per previous reports.
28
 A mixture of 
Cu(NO3)2 (0.1 M, 1 mL), NaOH (15 M, 20 mL) was preheated with stirring at 700 rpm for 5 min 
at 50 ℃. Then 25 μL N2H4 (35% aqueous solution) was added to the mixture. The Cu2O particles 
were precipitated by adding ~15 mL aqueous solution of 3% PVP (polyvinylpyrrolidone) and 1% 
DEHA (diethylhydroxylamine). The product were then washed with 1% DEHA solution and 
dispersed in ethanol for imaging and nanocompression experiments. 
3.2.3 Synthesis of ceria (CeO2) nanoparticles 
Octahedral ceria nanoparticles were synthesized as per previous report with some 
modification.
29
 Typically, 1 mmol cerium (III) nitrate hexahydrate and 0.01 mmol trisodium 
phosphate hexahydrate were dissolved in 40 mL distilled water. After being stirred at room 
temperature for 1 h, the mixed solution was transferred into a 50 mL Teflon-lined stainless 
autoclave and heated at 230 °C for 12 h under autogenous pressure and static conditions in an 
electric oven. Upon cooling the solution to room temperature, a precipitate was formed and 
separated by centrifugation, washed with distilled water and ethanol, and then dispersed in 
ethanol for imaging and nanocompression experiments. 
3.2.4 Digestion of UiO MOFs for NMR analysis 
The digestion procedures are based on previous literature report.
30
 1 mg of MOF powder was 
placed into a test tube. Then 100 μL sulfuric acid was added and sonicated in a cleaning bath 
until complete dissolution of the solid. 0.7 ml of DMSO-d6 was added to the mixture and 
sonicated for 5 min more to achieve clear solution. The solution was then transferred to a NMR 
tube for analysis. 
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3.2.5 Instrumentation 
Scanning electron microscopy (SEM) was performed using a Hitachi S-4800 field emission 
microscope at an accelerating voltage of 10 kV. The samples were dispersed on Si wafers, and 
then sputtered with a thin layer of Au/Pd. Transmission electron microscopy (TEM) was 
performed on a 200kV JEOL 2010 LaB6 TEM. The in-situ video was captured using a Hysitron 
PI95 TEM Picoindenter accessory (Hysitron Corporation, Minneapolis, MN, Figure 3.2). Powder 
X-ray diffraction (PXRD) patterns were collected on a Siemens-Bruker D500. Nitrogen 
adsorption isotherms and BET surface area measurements were performed with a Nova 2200e 
pore size analyzer (Quantachrome Instruments, Boynton Beach, FL). NMR spectra were 
recorded on a Bruker Avance 500MHz NMR spectrometer. 
 
Figure 3.2. Configuration of Hysitron PI 95 TEM Picoindenter used for the experiments. 
Images adapted from https://www.hysitron.com/products-services/instruments-for-
microscopes/pi-95-tem-picoindenter. 
3.3 Results and discussion 
3.3.1 Structural characterization 
Nanocrystals of MOF-801, UiO-66, UiO-67 and UiO-abdc were prepared via acid modulated 
solvothermal synthesis based on previous reports10 with some modification. As shown by the 
scanning electron microscopy (SEM) images in Figure 3.3, the MOF nanocrystals exhibit well-
defined octahedral morphology with narrow size distribution, from approximately 300 nm for 
MOF-801 to 500 nm for UiO-abdc. 
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Figure 3.3. SEM images of (a) MOF-801, (b) UiO-66, (c) UiO-67 and (d) UiO-abdc; all scale 
bars indicate 500 nm.  
Powder X-ray diffraction (PXRD) confirms that all MOFs are crystalline and match well with 
their respective simulated patterns (Figure 3.4), and their porosity and surface area values match 
those reported in the literature (Figure 3.5). Once prepared, the crystals were immersed in 
ethanol overnight to exchange with DMF solvate, dried in vacuum to remove all solvate, and 
stored in a desiccator. 
 
Figure 3.4. PXRD patterns of bulk desolvated UiO MOF nanocrystals. 
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Figure 3.5. N2 adsorption isotherms and BET surface area of desolvated UiO MOF 
nanocrystals. 
3.3.2 Mechanical property of UiO MOFs 
For the in-situ TEM compression test, the desolvated MOF nanocrystals were dispersed on a 
silicon holder with a 1-µm wide flat surface. A 2-µm flat tip diamond punch compressed 
perpendicularly to the (111) facet of the crystals at 1 nm/s for quasistatic compression. The 
dimensions and morphology of the crystals were recorded during compression using TEM, 
simultaneously with the load-displacement data collected from the indenter (Figure 3.6 and 3.7). 
During the compression, the MOF nanocrystals were gradually deformed, with no abrupt 
cracking or fracturing observed, as shown in the smoothness of the load-displacement curves. In 
the unloading stage after the compression, the indenter tip retracts from the crystal and the 
crystal rebounds slightly. The mechanical parameters (strain and stress) were then calculated 
from the analysis of the load-displacement curves and TEM images (Figure 3.8). 
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Figure 3.6. Representative load-displacement curve of UiO-66 using a Hysitron Picoindentor, 
showing the load (Fmax) and displacement (hmax) at maximum compression and the final 
displacement (hf). 
 
Figure 3.7. Screenshots from the video captured during the compression of a UiO-66 
nanocrystal. The diameter (a) and height (b) are indicated as red arrows. 
Before application of pressure, the UiO MOF crystal has a perfect octahedral morphology, but 
after compression, large deformations occur and the compressed UiO crystals more closely 
resemble the shape of flattened pillars. We used a simple scheme to calculate the pressure 
(stress):  as shown in Figure 3.7, a is the diameter of the surface (perpendicular to the 
compression direction and parallel to the holder surface), and b is the height (compression 
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direction), and both were measured from the in-situ video; at the same time, the loading and 
unloading force (F) were recorded from the pressure transducer used to apply the force. The 
cross-sectional working surface area was calculated as 𝐴 = 𝜋(
𝑎
2
)2 .  In a typical load-
displacement curve, three quantities can be measured: the maximum load, Fmax, the maximum 
displacement, hmax, and the final height, hf as labelled in Figure 3.6. Considering the deformation 
process, the pressure (stress) can be calculated from the equations, 
𝑃 = 𝜎 =
𝐹
𝐴
=
4𝐹
𝜋𝑎2
 (Gpa). 
Correspondingly, the maximum pressure on the crystal can be calculated from Fmax. The strain 
is calculated as Δb/b0, where b0 is the original height, Δb is the amount by which the height of the 
object changes. Figure 3.8 shows the representative stress-strain plots for the UiO MOFs. 
 
Figure 3.8. Representative stress-strain plot for UiO MOFs. 
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Young’s modulus (the slope of a stress-strain curve) is a characteristic parameter that 
measures the stiffness of a material and includes both elastic and inelastic components. To 
compare the compressibility of all the MOFs, we calculated their Young’s modulus during 
loading (Eload), which can be defined as  
𝐸𝑙𝑜𝑎𝑑 =
𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑠𝑠 (𝜎)
 𝑠𝑡𝑟𝑎𝑖𝑛 (𝜀)
= 
𝐹 𝐴0⁄
𝛥𝑏 𝑏0⁄
=  
𝐹𝑏0
𝛥𝑏𝐴0
, 
where A0 is the original cross-sectional area through which the force is applied, b0 is the 
original height, Δb is the amount by which the height of the object changes. The beginning 
segment of the stress-strain curve contains fluctuations due to imperfect contact and therefore 
must be disregarded. To circumvent this problem, we use a linear fitting of the stress-strain plot 
(Figure 3.9) over the strain range of 0.2-0.4 and calculate the slope (tangent modulus) as the 
characteristic Eload for the comparison between different MOFs. At strains above this range 
significant stiffening occurs in MOFs and the stress-strain curve deviates from a linear fitting. 
Strain-stress data sets from at least 5 nanoparticles for each MOF were used for the calculation of 
Eload. The result is shown in Figure 3.10 and Table 3.2.  
68 
 
 
Figure 3.9. Calculation of loading Young’s modulus (Eload) from linear fitting of stress-strain 
plot.   
 
Figure 3.10. Loading modulus Eload for UiO MOFs. 
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Table 3.2. Loading modulus Eload and fitted parameters for the unloading modulus Eunload for 
UiO MOFs.  Standard deviations shown in parentheses. 
 Eload, (GPa) E0 (intercept), (GPa) Stiffening Coefficient, β (slope) 
MOF-801 2.1(3) 15 (3) 11 (1) 
UiO-66 8(1) 12 (2) 6.9 (3) 
UiO-67 5.1(4) 10 (3) 6.7 (4) 
UiO-abdc 3.8(6) 9 (2) 8.7 (4) 
 
As seen from the above results, the modulus is highest in UiO-66 (8 GPa), and decreases to 
5.1 for UiO-67 and 3.8 GPa for UiO-abdc as the linkers are further extended. Previous 
computational studies predict a decreasing trend in the shear and bulk moduli of UiO MOF 
structure as the linker length increases. MOF-801, however, has the lowest modulus of 2.1 GPa 
even though its fumarate linker is the shortest among the series: this abnormally low compressive 
modulus of MOF-801 prompted us to investigate structural defects as a probable cause. 
It is known that UiO MOFs synthesized with acid modulators may contain missing-linker 
type defects,
31,32
 in which a dicarboxylate linker is replaced by two monodentate modulators, 
thus reducing the framework connectivity. To determine the defect concentration quantitatively, 
we digested the desolvated MOFs in H2SO4/DMSO-d6 solution,
30
 and analyzed the relative 
amount of dicarboxylate ligand and monocarboxylate modulator in 
1
H NMR spectrum (Figure 
3.11, Table 3.3).  
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Figure 3.11. 
1
H NMR spectra of digested MOF samples. Peaks from ligands and acid 
modulators are labelled. 
 
Table 3.3. Calculated acid/ligand ratio for UiO MOFs. 
MOF acid/ligand ratio from NMR 
MOF-801 0.18 
UiO-66 0.05 
UiO-67 0.03 
UiO-abdc 0.05 
 
While the modulator concentration relative to the dicarboxylate ligand is below 5% in UiO-66, 
UiO-67 and UiO-abdc (all of which are synthesized using acetic acid as modulator), MOF-801 is 
prepared using formic acid as modulator and it has a much higher defect concentration: 18% 
relative to the fumarate ligand. It is noteworthy that deviation of the experimental elemental 
analysis from theoretical values was also seen in previous synthesis of MOF-801, which 
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probably originates from its high defect concentration. The weakening of UiO MOF structure 
due to such missing-linker defects is predicted in a recent computational study.
33
 Furthermore, 
the smaller size of formate groups compared to acetate groups may also result in less steric 
hindrance and higher compressibility during deformation. Attempts to make MOF-801 
nanocrystals using acetic acid as modulator were unsuccessful. 
Different from the loading modulus Eload, The unloading modulus Eunload is measured during 
the elastic recovery of the compressed, densified MOF structure, and depends on the maximum 
pressure applied to the nanocrystals before release. Eunload is calculated from the elastic 
unloading stiffness (contact stiffness, S),
 
which was defined as the slope of the upper portion of 
the unloading curve during the initial stages of unloading, i.e., S=dF/dH (Figure 3.12). The 
unloading modulus follows the relationship to contact area and the measured unloading stiffness 
through the equation,  
𝑆 = 𝛽 
2
√𝜋
 𝐸𝑒𝑓𝑓√𝐴, 
where β =1 for the flat punch, A is the work surface contact area, and Eeff is the effective 
modulus. In our case, the diamond punch has almost no deformation, so essentially all of the 
observed deformation is due to the MOF crystal and Eeff represents the unloading modulus Eunload 
of the MOF. Based on the equation for the working surface area, A=π(a/2)2, where a is effective 
surface diameter, we have 
Eunload = S/a. 
72 
 
 
Figure 3.12. Contact stiffness S from the unloading branch of the load-displacement curve for 
the calculation of unloading modulus Eunload of UiO MOFs. 
We measured Eunload of the MOF nanocrystals as a function of that applied maximum pressure, 
as shown in Figure 3.13. As observed, the Eunload is essentially linear with increasing maximum 
pressure. This is found to be consistent with the Birch-Murnaghan relationship
34,35
 for the 
pressure-stiffening behavior in solid materials: 
𝐾 = 𝐾0 + 𝛼𝑝, 
where K is the bulk modulus, K0 is the zero pressure bulk modulus, α is the first derivative of 
the bulk modulus, and p is pressure. The elastic modulus E0 can be derived from bulk modulus 
K0 through Poisson’s ratio ν by 
𝐾0 =
𝐸0
3(1−2𝜈)
. 
Combining the two equations gives 
𝐸 = 𝐸0 + 𝛽𝑝, 
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where E0 is the intercept of the linear fitting and the stiffening coefficient β=3α(1-2ν) is the 
slope. 
 
Figure 3.13. Unloading modulus (Eunload) of UiO MOFs at various pressures with a linear 
fitting; the intercept gives E0, which is the estimated elastic modulus of the intact, stress-free 
structure. 
Based on the above equations, a linear fitting is given for the Eunload-pressure relationship in 
Figure 3.13. The intercept E0, i.e. extrapolated Eunload with no pressure applied, is the estimated 
elastic modulus of the intact, stress-free structure. In contrast to the loading modulus (which 
includes both the elastic and inelastic contributions), E0 (which is only the elastic component) 
decreases with increasing linker length:  e.g., for MOF-801, E0 = 15 GPa, and for UiO-abdc, E0 = 
9 GPa. The elastic recovery is therefore less influenced by defects in the structures of the MOFs.  
The stiffening coefficient β, i.e. slope value from the linear fitting of pressure-Eunload for the 
MOFs, is within the range for common inorganic materials. The comparatively low value of E0 
for MOFs, however, leads to huge pressure-induced stiffening effects (i.e., β/E0). For example, at 
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an applied pressure of 10 GPa, the elastic modulus of silicon (i.e., its stiffness) increases by 42%, 
whereas the MOFs are stiffened dramatically more: MOF-801 by 730%, UiO-66 by 560%, UiO-
67 by 670%, UiO-abdc by 970%.  
3.3.3 Mechanical energy absorption in UiO MOFs 
The mechanical energy absorbed by individual MOF nanocrystals in a loading-unloading 
cycle can be calculated from the integration of the area under the load-displacement curve 
(Figure 3.14). 
 
Figure 3.14. Calculation of the mechanical energy absorption (Emax and Ef) during loading and 
unloading. 
The mechanical energy absorbed by the UiO MOF nanocrystal during the loading and 
unloading processes can be expressed as  
𝐸 = ∫ 𝐹𝑑ℎ =∫ 𝑃𝑑𝑉, 
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where E represents the mechanical energy, F and h are the load (µN) and displacement (nm), 
P and V are the applied pressure (GPa) and the volume changes (µm
3
), respectively. F and h 
were directly read from the load-displacement curve, and the mechanical energy is calculated by 
integrating the area under the loading and unloading curves, respectively. Initially, the flat punch 
uniaxially compresses UiO-66 nanocrystal to the maximum load (Fmax) and the maximum 
displacement (hmax), and the mechanical energy input reaches maximum (Emax). In the unloading 
process, the UiO-66 nanocrystal undergoes an elastic recovery, partially rebound to final 
displacement (hf), and the mechanical energy input is decreased until complete retraction of the 
punch, which then defines final energy input Ef as shown in Figure 3.14. In consideration of 
variations in particle size, the mechanical energy absorbed by each nanocrystal is normalized by 
its mass m, as calculated from 
𝑚 = 𝜌𝑉0 = 𝜌𝐴𝑏 = 𝜌𝜋𝑏(
𝑎
2
)2, 
where ρ, V0, a0, b0 are the density, initial volume, diameter and height of the UiO nanocrystal 
before compression. The density of the desolvated crystals were calculated from the crystal 
structures (in g/cm
3
): MOF-801, 1.592; UiO-66, 1.238; UiO-67, 1.064; UiO-abdc, 0.908.  
To evaluate the performance of UiO MOFs as mechanical energy absorbers, we plotted Ef 
values as a function of maximum applied pressures in Figure 3.15. At pressures below 2 GPa, 
relatively small amounts of energy (<0.3 kJ/g) are absorbed by MOFs. As the pressure is 
increased, however, the energy absorption is significantly enhanced, possibly from the 
endothermic bond breakage in the structure.  This is less true for MOF-801, which collapses 
fully at only 3.5 GPa. At high pressures (>8 GPa), the energy absorption Ef generally reaches up 
to 3-4 kJ/g for the MOFs under our experimental conditions. For comparison, the energy released 
in an explosion of TNT is ~ 4 kJ/g. The highest previous energy storage in an MOF system 
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(MIL-53) was only 60 J/g,
14
 but this was done under low pressure (110 MPa) conditions and 
utilized only reversible structural transitions. Our results suggest great potential of MOFs in 
energy absorption applications under extreme conditions. 
 
Figure 3.15. The total mechanical energy absorption (Ef) of UiO MOFs as a function of 
applied pressure. The red dashed curves are provided as guides to the eye. 
An efficient energy absorber should maintain a high capacity relative to the energy input 
across a broad pressure range. To evaluate the efficiency of MOFs, we calculated an energy 
absorption ratio A, defined as A = Ef/Emax (Figure 3.16). The maximum mechanical energy Emax 
has contributions from both elastic and plastic deformation, while the final energy absorption Ef 
contains only the plastic deformation. Therefore, the total mechanical energy that is temporarily 
stored in elastic deformation can be calculated as (Emax - Ef). A can be expressed as  
𝐴 =
𝐸𝑓
𝐸𝑚𝑎𝑥
= 1 −
𝐸𝑚𝑎𝑥 − 𝐸𝑓
𝐸𝑚𝑎𝑥
. 
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As seen from the definition, A excludes the elastic deformation and evaluates the energy 
absorption capacity relative to the total energy input. 
One may expect the deformation to be mostly elastic as the applied maximum pressure 
approaches zero, and this seems to be the case with low values of A observed at low pressures.  
As the maximum pressure is increased, A increases rapidly and flattens above ~2 GPa. While the 
absolute value of energy absorption Ef increased steadily above 2 GPa, the ratio A is maintained 
at about 80% for all the UiO MOFs, up to the highest pressures achieved in our experiments. 
This provides some confidence that the high plasticity and endothermicity of structural 
deformations will prove useful for energy absorption by MOFs over a wide range of pressures.  
 
Figure 3.16. Mechanical energy absorption ratio of UiO MOFs as a function of applied 
maximum pressure.  The curves are meant for illustrative purposes only and have no meaningful 
functional form.  
 
MOF-801 UiO-66
UiO-67 UiO-abdc
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3.3.4 Compression experiment on ceramic materials 
We further extended our study to compare the mechanical behavior of MOFs to ceramic 
materials. Nanocompression experiments were performed on ~500-nm octahedral nanocrystals 
of Cu2O prepared via hydrazine reduction of aqueous copper nitrate solution (Figure 3.17).
28
 
 
Figure 3.17. SEM image of Cu2O octahedral nanoparticles. 
 
Figure 3.18. Three consecutive load-unload cycles on an individual Cu2O nanoparticle. 
A nanocrystal of Cu2O was compressed consecutively at increasing pressures to reveal the 
evolution of its mechanical behavior (Figure 3.18). While the deformation in the first 
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compression is highly elastic and followed by almost complete recovery of the deformation after 
unloading, the energy-absorbing hysteresis becomes obvious in the second cycle as the 
maximum pressure rises. Further increasing the load in the third cycle leads to yielding beyond 
the elastic limit and discontinuity events, with the development of banding due to local stress in 
the nanoparticle as can be seen from the in-situ TEM images (Figure 3.19). 
 
Figure 3.19. Screenshots from the in-situ video for Cu2O nanoparticle (3
rd
 compression in 
Figure 3.18). Banding features can be seen from the edges of the particle. 
As can be seen from Table 3.4 the energy absorption in the nanoparticle is only 59 J/g even 
when completely flattened, as compared to the kJ/g scale in MOF at similar strains (Table 3.4). 
Such a dramatic contrast arise from two aspects: (i) the much higher density of Cu2O compared 
to MOFs (6 vs. ~1 g/cm
3
) and (ii) the low maximum stress of Cu2O that limits the energy 
absorption capacity in the loading-unloading cycle.   
Table 3.4. Pressure and energy absorption in the three loading-unloading cycles from the 
compression of Cu2O nanoparticle. 
Cycle Max load (μN) Pressure (GPa) Energy (J/g) 
1 192 0.69 0 
2 517 1.69 7 
3 618 1.74 59 
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Likewise, compression experiment on CeO2 nanoparticles
29
 (Figure 3.20) shows similar 
behavior and ductile deformation with very low energy absorption. These comparisons 
emphasize the unique mechanical behavior of MOFs.  
 
Figure 3.20. Three consecutive load-unload cycles on an individual CeO2 nanoparticle. 
3.4 Conclusions 
In conclusion, we have measured the mechanical behavior of individual UiO MOF 
nanocrystals under compression. From the calculated elastic modulus and mechanical energy 
absorption as a function of pressure, we have observed that the elastic modulus and mechanical 
energy absorption of UiO MOFs are strongly dependent on the applied pressure, which provides 
insights into the relationship between structure and mechanical properties of MOF materials. 
Furthermore, the plasticity and endothermicity during deformation of MOFs shows a dramatic 
potential for absorption and dissipation of mechanical shock.  
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CHAPTER 4: 
SHOCKWAVE ENERGY DISSIPATION IN METAL-ORGANIC FRAMEWORKS
4
 
4.1 Introduction 
4.1.1 Basics of shockwave 
Shockwave is a mechanical disturbance that propagates faster than the speed of sound, i.e., 
shockwaves are supersonic. Unlike simple propagating or standing sound waves, whose 
mechanical effect is limited to the local vibration of the medium near its equilibrium position, a 
shockwave drives the collective movement of the medium behind its wave front, with an almost 
discontinuous change in pressure, density and temperature. Shockwaves are relevant to a wide 
range of fields, including astrophysics,
1
 geology
2
 and material science.
3,4
 A common example of 
shockwave generation is detonation of high explosives, where the extreme overpressure and 
loading rate can inflict damage to equipment, vehicles, and personnel.
5
 The energy released in 
the form of shockwave accounts for about 50% of the energy released in a thermonuclear 
explosion and almost all the energy released in conventional explosions.  
In a simplified model neglecting the physical mechanism for the shock compression, the 
propagation of a one-dimensional, planar shockwave occurs between two thermodynamically 
equilibrated phases separated by a moving wavefront, where the phase in front of the wavefront 
is continuously compressed as the wavefront proceeds.
6,7
 The thermodynamic states of the two 
phases, such as pressure (P) and volume (V), are related by the equation of state (EOS) of the 
material. The wavefront travels at a velocity of Us, and the velocity of the collective movement 
of the medium is defined as particle velocity up. For a shockwave propagating into a material 
                                                 
4
 This chapter consists of unpublished work. I credit figures 4.7-4.15 to Xuan Zhou. 
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where P and up are zero with initial density ρ0, it can be derived from conservation of mass and 
momentum that 
𝑉
𝑉0
=
𝜌0
𝜌
= (𝑈𝑠𝑠 − 𝑢𝑝)/𝑈𝑠 
𝑃 = 𝜌0𝑈𝑠𝑢𝑝 
where V is specific volume (1/ρ), Us is shock velocity, up is particle velocity, ρ is density and P 
is pressure. Here, the thermodynamic and mechanical parameters P and V are related to the 
hydrodynamic parameters Us and up, which can be experimentally measured. Similarly, when a 
second shockwave propagates through the phase that has been compressed by the first shock, the 
above equations can be extended to calculate the parameters for the second shock: 
𝜌1(𝑈2 − 𝑢1) = 𝜌2(𝑈2 − 𝑢2) 
𝑃2 − 𝑃1 = 𝜌1(𝑈2 − 𝑢1)(𝑢2 − 𝑢1) 
where U2 is the wavefront velocity of the second shock, and subscript 1 and 2 refer to the phase 
behind the first and second shocks, respectively. Figure 4.1 shows the step-like propagation of 
shockwave in a medium. 
 
Figure 4.1. Two-step shockwave moving in the +x direction. Each step is characterized by 
parameters P, ρ and u, and U1 and U2 denotes the shock front velocity. 
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It should be noted that a shockwave has a finite duration: the high stress state behind the 
shockwave front will be eventually canceled by a relief or rarefaction wave that catches up with 
the shockwave front (Figure 4.2). Therefore, only the plateau region of measured profile is used 
to calculate thermodynamic states in shockwave experiments.  
 
Figure 4.2. Pressure profile of a shockwave propagating along x direction at different times t1 
and t2, with the relief wave behind the shock front that gradually catches up. 
4.1.2 Shockwave in materials 
The ensemble of all possible thermodynamic states (P, V, etc.) that can be achieved in a single 
shockwave is called the shock Hugoniot. Figure 4.3(a) gives an example of Hugoniot, with the 
compression path of the shockwave represented by a straight line (called a Rayleigh line) that 
links the initial and final states in the P-V space. From the equations derived for two shockwaves 
in 4.1.1, we have (P2-P1)/(V1-V2)=ρ1
2
(U2-u1)
2
. So the slope of the Rayleigh line linking (P1, V1) 
and (P2, V2) is proportional to (U2-u1)
2
, i.e., the shock speed is determined by the slope of 
Rayleigh line. As the shock speed is greater than the sound speed, it can be mathematically 
proven that the P-V curve must be concave upward for shocks to form, and the Rayleigh line 
cannot intersect the Hugoniot between the initial and final points. 
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Figure 4.3. (a) The Hugoniot and Rayleigh line in P-V space. (b) Formation of two waves 
with an intermediate state (P1, V1) when the Hugoniot has a cusp. A single shockwave (red line) 
connecting (P0, V0) and (P2, V2) is not allowed. (c) Shock compression of a porous solid. The 
volume is compressed rapidly above the elastic limit until the crush up limit. When the shock is 
very strong, the two waves merge into one overdriven shock. 
The P-V curve of many materials may have a cusp, for example when the material exhibit 
yielding behavior above its elastic limit (Figure 4.3(b)). In this case, a single shock cannot be 
obtained by drawing a Rayleigh line without crossing the Hugoniot. Therefore, an intermediate 
state is necessary to reach the final state, and the shock has to be broken into two waves, each 
with a speed dictated by the Rayleigh line. The two waves are sometimes called “elastic” and 
“plastic” shocks based on their corresponding deformation mechanism.  
A special case of solid is porous materials, such as loose powder and foams.
8
 Their 
mechanical behavior is featured with a relatively small elastic limit, above which the volume is 
compressed rapidly as pressure increases, until reaching the crush-up limit when the void space 
is completely compacted and the material behaves like a dense solid (Figure 4.3(c)). When the 
shock is very strong, however, the end pressure can be high enough that the Rayleigh line 
bypasses the elastic limit. This means the two-wave structure is no longer necessary and only a 
single shock is formed, which is called an “overdriven” shock. 
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The energy conversion during shockwave propagation is qualitatively analyzed in Figure 4.4. 
In the P-V space, the shock compression occurs along the Rayleigh line, and release of pressure 
approximately follows the Hugoniot. The encompassed region between Raleigh line and 
Hugoniot (shaded area in Figure 4.4) represents the mechanical energy of the shockwave that is 
converted into waste heat. For a porous material, we can assume that the initial volume including 
both dense solid and void space is V00, and the final volume that only includes the dense solid 
after compression is V0. From Figure 4.4 it can be seen that the porous material converts more 
mechanical energy into heat compared to the dense solid, if both have a compacted volume of V0. 
Still, it is noteworthy that the analysis here only considers the general thermo-mechanical state of 
a system and does not suggest any physical mechanism for the deformation process. Furthermore, 
materials with similar porosity can exhibit distinct mechanical behavior and shock response. 
 
Figure 4.4. Waste heat generated from shock energy dissipation in (a) dense solid and (b) 
porous solid. The initial volume of the porous solid before shock compression is V00, and the 
remaining volume of the compacted solid after release of pressure is V0.  
4.1.3 MOFs as shockwave absorbing material 
Composite materials are widely used to provide protection against shock damage, in which 
materials with different mechanical properties are fabricated together to combine their strengths 
and overcome weaknesses.
9,10
 Ceramics are hard, but also very brittle; steel is tough, but its 
density limits mobility; polymer foams make good cushion layers but have low mechanical 
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strength when used alone. Despite recent advances in the design of armor structure,
11
 it is also 
very important to understand the specific shock response of the constituent materials and find 
their optimal working conditions for synergetic attenuation of shockwave energy. 
MOFs have been extensively studied for their gas sorption application and chemical 
functionalities. Recent reports also show that MOFs, as an intrinsically nanoporous material, 
exhibit complex mechanical properties under hydrostatic pressures.
12-14
 Nevertheless, the 
dynamic mechanical behavior of MOFs, especially under shockwave conditions, has been rarely 
explored.
15-17
 The first study of shock wave impact on MOFs was reported by Wei et al.
18
 Cu-
BTC
19
 (also named HKUST-1) was impacted by a Cu flyer plate launched from table-top gas 
gun system. Dynamic pressure generated in the MOF ranges from 0.3 GPa to 7.5 GPa. While the 
empty framework of Cu-BTC was amorphized at 0.5 GPa as determined from PXRD, it was 
found that the inclusion of ferrocene into Cu-BTC framework significantly enhanced the shock 
resistance by a factor of six, highlighting the relationship between shock response and porosity in 
materials. However, more detailed analysis on shockwave propagation and measurement of 
shock profile and parameters is lacking.  
In the following discussion, we report a quantitative investigation of the shock response of a 
MOF material, specifically ZIF-8
20
 (ZIF for zeolitic imidazolate framework), and its correlated 
post-shock studies that provide detailed analysis on shock attenuation mechanisms. Transmitted 
energy flux history demonstrates that ZIF-8 attenuates shockwave energy significantly by pore-
collapse mechanism. Further, the spatial distribution of shock impact effects on ZIF-8 is 
visualized in post-mortem analysis that shows gradient of structural deformation and chemical 
environment change.  
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ZIF-8 is a prototypical MOF that shows great promise due to its exceptional chemical and 
thermal stability and ease of synthesis. In the structure of ZIF-8 (Figure 4.5), each Zn ion is 
coordinated by four nitrogens from 2-methylimidazolate (2-MeIm) mono anionic ligands to form 
a porous network with about 50% void volume. Specifically in our study, the highly symmetric 
structure and simple chemical functionality make ZIF-8 an ideal model for the proof-of-concept 
demonstration and the clarification of fundamental mechanisms in shockwave energy dissipation 
by MOFs. 
 
Figure 4.5. (a) Crystal structure of ZIF-8 and (b) view of the Zn-(2-MeIm) four-membered 
ring building unit. Atom labels: Zn, blue; N, turquoise; C, black. H atoms are omitted for clarity. 
4.2 Experimental procedures 
4.2.1 Electron-beam deposition of Au mirrors on glass substrates 
Au mirrors were deposited on glass substrate using electron-beam evaporation technique. The 
glass substrates of 5 cm × 5 cm × 6 mm were cleaned in the order of Ajax degreaser liquid, 
deionized water, acetone, ethanol and isopropanol. After drying with nitrogen, the substrates 
were stuck onto 400-µm thick stainless steel masks using double-sided Kapton tape. The 
substrates were then placed in the chamber of electron-beam evaporator with masks facing the 
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metal sources. The masks were designed to cover all other parts of the glass substrates except the 
areas to be impacted. 0.8 nm Cr was then deposited at a rate of 0.1 nm/s and 200 nm Au at 0.15 
nm/s on the glass substrate. Metal depositions were done under high vacuum of 1.5×10
-6
 mbar. 
After electron-beam deposition, the gold-patterned glass substrates were cleaned using Ajax 
solution, deionized water, acetone, ethanol, and isopropanol, as shown in Figure 4.6 (left).  
 
Figure 4.6. (left) Substrate for shockwave experiments. The glass window is coated with Au 
and patterned with a mask for the isolation of shock spots. (middle) ZIF-8 suspension dropcast 
on glass substrate. (right) Dried ZIF-8 film; the sides are cleared for profile measurement. 
4.2.2 ZIF-8 preparation and deposition  
All chemicals were purchased from Aldrich unless otherwise mentioned. ZIF-8 microcrystals 
(~ 1.2 µm) were synthesized according to previous report with some modifications.
21
 12 g 2-
methylimidazole (2-MeIm) was dissolved in 180 mL water. 1 g zinc acetate dihydrate was 
dissolved in 20 mL water and then added to the 2-MeIm solution under stirring. The mixture was 
incubated at room temperature for 24 hours, followed by centrifugation and washing several 
times with water to harvest the ZIF-8 microcrystals. The as-prepared ZIF-8 was mixed with 5 wt% 
polyvinyl alcohol (PVA, 98-99% hydrolyzed, MW 124,000-186,000) and dispersed in excess 
water. The aqueous suspension was dispersed by sonication in a cleaning bath for 20 min, drop-
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cast on gold-coated (200 nm Au) plate glass (2"×2"×1/4", Chemglass Life Sciences), and dried 
in the air at room temperature (Figure 4.6, middle). After drying, the samples were heated at 150 
ºC for 10 hours in a vacuum oven to remove residual water (Figure 4.6, right). Each film is 
scanned with a stylus profilometer to check the uniformity of thickness. Samples were stored in a 
desiccator to minimize the adsorption of water from air. 
4.2.3 Laser-driven flyer plate shockwave experiment 
We use a laser-driven flyer plate system to generate planar shockwave (Figure 4.7).
22
 A 1064 
nm flat-top pulsed laser is focused on 75-μm Al foil glued to a glass window (Figure 4.8), and 
causes ablation of a small piece of Al (the so-called “flyer plate”) that traveled through 500 µm 
vacuum space to hit the ZIF-8 film. The flyer plate impacts the ZIF-8 sample at a controlled 
velocity (Vf) of 0.58-1.9 km/s, generating a shock wave that propagates through the ZIF-8 layer. 
As the shockwave front passes through the ZIF-8 film and reaches the ultrathin gold mirror, the 
motion of the mirror is tracked by an 8 GHz/1550 nm photonic-Doppler velocimeter (PDV). The 
PDV interferometric signals are collected by an oscilloscope and later converted, using a peak 
finding algorithm, into the velocity of the ultrathin Au mirror moving into the glass substrate. 
Using the well-known Hugoniot for Pyrex glass,
23
 we could further calculate the pressure in the 
glass and the energy flux transmitted into the glass as a function of time. 
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Figure 4.7. Experimental setup of the flyer plate shockwave system.  
 
 
Figure 4.8. The Al-coated glass windows used to generate flyer plates before (left) and after 
(right) shock experiments. 
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4.3 Results and discussion 
4.3.1 Shockwave profile 
Figure 4.9 shows characteristic profiles of energy flux on ZIF-8 films of 40 µm (red solid 
line) and 80 µm thick (blue solid line) that are impacted by the Al flyer plate at velocities (Vf) 
ranging from 0.58 to 1.9 km/s. Control experiments were carried out on gold-coated glass 
substrate without ZIF-8 (gray dashed line). t = 0 was adjusted to the instant when Al flyers have 
just passed the 500 µm vacuum space and reaching the upper surface of ZIF-8 (experiment) or 
the mirror (control).  
Without a ZIF-8 film, the energy flux increases suddenly at the moment of impact (t = 0) to a 
plateau that correlated to the steady shock wave. The steady state of the shockwave lasts for ~12 
ns, followed by a relief wave that gradually reduces the energy flux back to zero in 15 to 48 ns, 
the duration of which depends on Vf. In comparison, a two-step feature is clearly observed in the 
shockwave profile of all the ZIF-8 samples. As the first wave front reached the gold mirror, a 
relatively weak rise in the PDV energy flux profile was detected, which corresponds to the 
elastic wave. The energy flux overshoots its equilibrium to the first maximum and then decreases 
slightly towards the equilibrium value until the second wave arrives. With a low Vf of 0.58 km/s 
(Figure 4.9(a)), the elastic wave exhibits a long-lasting plateau for over 20 ns in the 80 µm thick 
sample, whereas its duration is significantly shortened at higher Vf. Following the elastic wave, 
the arrival of the plastic (or pore collapse) wave at the gold mirror results in an abrupt increase of 
shock flux. At Vf higher than 0.75 km/s, the loading to maximum flux typically occurs within 5 
ns. The steady state of the pore collapse wave is then maintained until the rarefaction wave 
catches up and reduces it gradually back to zero. From an overall observation of the PDV 
profiles, the ZIF-8 films both attenuate the incident shock and stretch it out in time. 
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Figure 4.9. Energy flux history from flyer plate shots at velocities (Vf) of (a) 0.58 km/s, (b) 
0.75 km/s, (c) 1.0 km/s, (d) 1.3 km/s, (e) 1.6 km/s and (f) 1.9 km/s on 40 µm (red solid lines) and 
80 µm (blue solid lines) ZIF-8 films. Control references were collected without ZIF-8 layer (gray 
dashed lines). t = 0 was adjusted to be the instant when Al flyers have just passed the 500 µm 
vacuum space and reaching the upper surface of ZIF-8 (experiment) or the mirror (control).  
96 
 
 
Figure 4.10. Definitions of parameters for the shockwave profile: time difference at wave 
front ∆t, full energy flux f0 without attenuation, energy flux f1 near equilibrium state of elastic 
wave, and energy flux f2 at steady state of pore-collapse wave.  
We define several parameters to quantitatively clarify the effect of Vf in the shock profile, as 
seen in Figure 4.10. ∆t is the time difference between the two wave fronts. Figure 4.10(b) plots 
∆t at different flyer velocities Vf on ZIF-8 films of 40 µm (red dot) and 80 µm (blue square). ∆t 
exhibits a gradual decrease as Vf increases from 0.58 to 1.6 km/s, and approaches a limit of about 
6 ns and 7 ns with 40 µm and 80 µm ZIF-8 films at 1.6 km/s, respectively.  
The decrease of ∆t results from an increasing plastic wave velocity but an almost constant 
elastic wave velocity. It can be explained from the Hugoniot: in the two-wave structure, the 
leading elastic wave has a fixed initial and end state and thus has a constant Rayleigh line, while 
the end state of trailing plastic wave is dependent on strength of the incident shockwave. 
As flyer velocity increases to above 1.6 km/s, the same ∆t in 40 and 80 μm films indicates 
the shock undergoes an “over-driven” regime, in which the pore-collapse wave velocity catches 
up the elastic wave velocity. The non-zero value of experimental ∆t at high flyer velocities may 
be a result of the kinetic process of the plastic deformation and pore collapse of ZIF-8 structure.  
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Figure 4.11. (a) normalized energy flux f1/f0 at elastic wave equilibrium, and (b) normalized 
energy flux f2/f0 at steady state of pore-collapse wave as a function of flyer velocities. Error bars 
represent standard deviations. 
We also calculated the energy flux transmitted through ZIF-8 normalized to that without ZIF-
8 (Figure 4.11). f0 is defined as the energy flux at shock steady state on the glass substrate 
without ZIF-8; f1 is the energy flux of the elastic wave near equilibrium state; and f2 is the energy 
flux of the pore collapse wave at steady state. A steady increase in normalized energy flux of 
first wave (f1/f0) is observed as Vf increases to a maximum of only 20% at 1.9 km/s, showing the 
effect of the ZIF-8 layer in stretching the shock intensity over time. For the second wave, which 
has the highest energy flux in the profile, the normalized energy flux f2/f0 exhibits a non-linear 
rise from 33% to 60% on 40 µm ZIF-8 and from 15% to 52% on 80 µm ZIF-8 as Vf increases 
from 0.58 km/s to 1.9 km/s. In other words, over 40% and 48% of the steady state shock wave 
energy flux was attenuated by 40 µm and 80 µm ZIF-8 films, respectively.  
It should be noted that the shock attenuation, i.e., (f0-f1) or (f0-f2), is not proportional to the 
ZIF-8 thickness. Similar observation has been reported on iron
24
 and indicates the spatial 
heterogeneity of the shockwave energy dissipation. We can also have some semi-quantitative 
analysis from the samples we used in shockwave experiments. An 80 μm ZIF-8 film is 
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equivalent of two 40 μm films stacked together, and one 40 μm film is in effect the first half of 
an 80 μm film. Therefore, by comparing the f2/f0 values on 40 and 80 μm films, we can see that 
the major portion of energy is absorbed in the “first half” of the 80 μm films during shock 
propagation. For example, 67% and 85% shock energy are dissipated by 40 μm and 80 μm ZIF-8 
films at 0.58 km/s. This results in only 18% shock energy absorbed in the second half of the 80 
μm film, which suggests significant spatial heterogeneity in the shockwave energy attenuation. 
More experiments are currently underway to develop a quantitative analysis for the effect of film 
thickness and flyer plate velocity on shock attenuation. 
4.3.2 Post-mortem analysis of shocked ZIF-8 
Shock impact will result in mechanochemical reactions that change the porous structure and 
chemical environment of ZIF-8. We performed post-mortem analysis on the shocked ZIF-8 
sample to elucidate the mechanism for shock energy dissipation in ZIF-8.   
 
Figure 4.12. SEM image of the cross section of an 80-μm ZIF-8 film.  
The cross-sectional scanning electron microscopy (SEM) image of an 80-μm ZIF-8 film 
before shock is shown in Figure 4.12. The film is filled by ZIF-8 microcrystals uniformly 
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without significant cracking. Before shock impact, the ZIF-8 microcrystals are about 2 μm in 
size and exhibit rhombic dodecahedral morphology with sharp edges. 
 
Figure 4.13. Al flyer plate travel history: (a) launch of Al flyer plate with 1064 nm flat-top 
pulsed laser; (b) the flyer plate travels through the vacuum at a velocity of Vf; (c) the flyer plate 
reaches ZIF-8 and generates shock impact; (d) after impact the flyer plate rebounds and reverses 
direction with impacted ZIF-8 attached next to the interface; (e) Al flyer plate returns to its 
original position with impacted ZIF-8 carried on its exposed surface. 
Our post-mortem was conducted on the rebounded Al flyer plates.  
As shown in Figure 4.13, after its impact on the ZIF-8 film, the Al flyer plate reverses direction 
and finally returns essentially to its original position with some of the shock-impacted ZIF-8 
attached at the interface of impact (Figure 4.13). This allows the salvage of shock-affected 
materials from the flyer plates for characterization and spectral analysis that help us in 
understanding the energy dissipation mechanism of ZIF-8. From top of the ZIF-8 layer, we took 
SEM images to show the morphological transformation and collected Raman spectra to tracking 
change in chemical environment on samples shocked at different flyer velocities (Figure 4.14). 
In the SEM images, even at 0.58 km/s, the ZIF-8 crystals are clearly compressed and 
deformed. At higher velocities, the microcrystals become increasing compacted and even more 
deformed. The crystals are completely merged together and the crystal edges become almost 
indiscernible at 1.3 and 1.6 km/s. These observations indicate significant volume reduction in 
both intra- and inter-crystal space under shock compression. The 1.9 km/s shocked sample turns 
100 
 
black and exhibits a rough, fragmented morphology in SEM, which can be attributed to the 
dramatic heating under shock that leads to decomposition of ZIF-8.  
 
Figure 4.14. Raman spectra and SEM images collected from the top (i.e., impact surface) of 
the shocked ZIF-8 films attached to the flyer plates at different flyer plate velocities Vf. Scale 
bars are 2 μm. Inset shows the atom labels used in Raman mode assignments. Difference in the 
contrast of the SEM images is due to the compaction of powder that affects electron conductivity. 
Raman spectra (Figure 4.14) were collected to reveal the chemical change in ZIF-8 caused by 
shock wave. Before shock, the most pronounced Raman peaks correspond to Zn-N stretching 
(168 cm
-1
), imidazolate ring puckering (686 cm
-1
), C-H bending (1458 cm
-1
), C5-N stretching 
(1146 cm
-1
 and 1187 cm
-1
), and imidazolate C-H stretching (3110 cm
-1
 and 3131 cm
-1
)
 
modes.
25,26
 All the signals are normalized to the peak intensity at 1480 cm
-1
 except the sample 
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shot at 1.9 km/s, which does not show any major peak due to the shock-induced decomposition. 
As the impact velocity increases, peak broadening can be observed from nearly all major Raman 
modes, suggesting disordering of the ZIF-8 structure. Within all the Raman modes of ZIF-8, the 
Zn-N stretching vibration at 168 cm
-1
 shows the most dramatic decrease in relative intensity, 
which suggests that the Zn-N coordination bond may be more severely affected by the shock 
impact than the covalent bonds in the imidazole ring. 
The shockwave profile obtained from PDV demonstrates the spatial inhomogeneity of 
shockwave energy absorption: most shockwave energy is absorbed by the ZIF-8 material near 
the impact interface. Therefore, we performed characterization on the cross section of the 
shocked ZIF-8 film as a function of depth from initial impact to reveal the spatial distribution of 
shock induced effects. The shocked flyer plates were cut with a razor blade across the center. 
Figure 4.15 provides the cross-sectional SEM and Raman spectra on the shock-impacted ZIF-8 
film of 80 µm initial thickness at Vf = 0.58 km/s. In the SEM image (Figure 4.15(a)), we can 
identify three distinct layers of shock-induced damage to ZIF-8 at different distances from the 
impact interface. The first layer (layer I as labeled in Figure 4a) is right next to the impact 
interface, within which the ZIF-8 crystals were completely compacted and formed a solid layer. 
The second layer (layer II) is a bit farther away from the interface; densification and deformation 
of ZIF-8 crystals were very significant but the crystals were not fully damaged. The third layer 
(layer III) is farthest away from the impact interface, and in this region ZIF-8 is only partially 
compacted and individual crystals are still distinguishable. Gaps in the SEM image were caused 
by the difference in particle velocities of the three layers due to the different densities after shock 
compaction and they thus mark the boundaries of the three layers. The gradient of crystal 
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deformation shown in the cross-section SEM image provides a straightforward demonstration of 
shockwave attenuation in ZIF-8. 
 
Figure 4.15. Cross-sectional characterization of shocked ZIF-8 film attached to aluminum 
flyer after shock impact. The flyer velocity is 0.58 km/s and ZIF-8 film is 80 µm thick before 
shock impact. (a) SEM image of the ZIF-8 film. The impact interface is labelled as white dashed 
line. (b) Confocal Raman spectra of ZIF-8 collected from Z = 0 (i.e., impact interface) to 35 µm 
along the shock propagation direction. (c) Raman modes of stretching Zn-N, stretching C5-N, 
and stretching C-H of imidazole ring. 
Raman spectra (Figure 4.15(b)) were collected on the cross section of ZIF-8 at different 
distances from the impact interface (Z = 0) to the partially compacted layer (layer III). As the 
analyzed spot gets closer to the ZIF-8/Al interface, a general peak broadening and intensity 
decrease can be observed from nearly all major Raman modes, which indicates significant 
structural deformation and chemical bond breakage at increased shock strength. The 
representative Raman modes of Zn-N stretching (168 cm
-1
), C5-N stretching (1146 cm
-1
 and 
1187 cm
-1
) and imidazole C-H stretching (3110 cm
-1
 and 3131 cm
-1
) are shown in Figure 4.15(c). 
103 
 
The Zn-N stretching mode exhibits an obvious inhomogeneous broadening as the Raman-probed 
region approaches the impact interface until becoming flat at Z = 5 µm, indicating the 
increasingly significant distortion until complete breakage of Zn-N bond. In contrast, the two 
imidazole vibration modes are still identifiable even at 5 µm from the interface, although they 
eventually become hardly recognizable at Z = 3 µm. Consistent with previous Raman analysis on 
ZIF-8 shocked at different velocities, the rapidly diminished Zn-N vibration suggests that the 
imidazole ring is more resistant to structural decomposition under shock wave impact than Zn-N 
coordination bond. 
4.4 Conclusions 
We have investigated shockwave propagation in ZIF-8, a prototypical metal-organic 
framework composed of Zn ions and 2-methylimidazolate linkers. The shockwave was generated 
by Al flyer plate with a launching velocity that ranges from 0.58 to 1.9 km/s. The shock 
compression of ZIF-8 led to a two-wave structure in the PDV profile, consisting of a leading 
elastic and trailing pore-collapse wave. We conducted cross-sectional SEM characterization on 
ZIF-8 after shock impact and found that the shock wave caused plastic deformation of ZIF-8 
microcrystals with a reduction of intra- and inter-crystal porosity, the degree of which depends 
on the distance from the impact interface. Cross-sectional Raman analysis revealed significant 
chemical decomposition in ZIF-8 after shock impact that occurs preferentially on Zn-N 
coordination bond. Although the current progress is still far from testing the efficacy of MOFs in 
a practical armour, this work shows the great promise of MOFs in the development of shock-
attenuating protective material and emphasizes the usefulness of incorporating multiple 
functionalities for shock attenuation, in this case powder compaction (as with sand), pore 
collapse (as with foams) and endothermic chemical bond breaking (a new mechanism). 
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CHAPTER 5: 
 METAL-ORGANIC FRAMEWORK MICROSPHERES WITH HIERARCHICAL 
POROSITY VIA SELF-TEMPLATED CRYSTALLIZATION
**
  
5.1 Introduction  
Metal-organic frameworks (MOFs) are an important class of porous materials that have drawn 
extensive interest due to their unique properties and great potential in various fields, including 
gas storage, separations, and catalysis.
1-4
 Previous research on MOFs has been focused on the 
chemical functionalization and engineering of their crystal structures. There have been increased 
recent endeavors to organize MOF crystals into complex superstructures,
5,6
 such as hollow 
particles,
7,8
 fibers and films
9
 on mesoscopic or macroscopic scale to tailor and optimize their 
performance for specific applications. Fabrication of three dimensional hierarchical MOF 
structures,
10-12
 among these, is particularly challenging due to the inherent difficulties in 
achieving precise spatial control over the crystallization sites of MOFs. Most of the current 
pathways involve pre-existing templates, the preparation and removal of which may be time- and 
energy-consuming. The synthesis methods are also mostly limited to a specific dimension and 
can add to the expense of the preparation. 
Compared to the conventional synthesis process of MOFs via solvothermal reaction, aerosol 
synthesis
13,14
 is an emerging technique in material preparation that combines advantages of rapid 
reaction, continuous production and broad selection of reactants. Each single aerosol particle 
serves as a miniaturized reaction vessel and allows construction of complicated structures 
                                                 
**
 This chapter consists of unpublished work. 
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without agglomeration. Recently, this technique has been used in the preparation
15,16
 and post-
synthetic modification
17
 of MOFs. 
Here we report the self-templated synthesis of an archetypical MOF, ZIF-8, from colloids of 
its amorphous form (amZIF) under solvothermal conditions. The morphology of the product can 
be tuned by the solvent and ranges from zero-dimensional hollow nanoparticles to interconnected 
nanocrystal assemblies. We extended the application of this transformation with a convenient 
aerosol process using an ultrasonic spray pyrolysis (USP) setup,
18-20
 where the crystallization of 
ZIF-8 is temporally coupled with and spatially confined by evaporation-induced self-assembly 
(EISA) of the amorphous colloidal phase to afford hierarchically structured ZIF-8 microspheres. 
5.2 Experimental procedures 
5.2.1 Synthesis of amZIF nanoparticles 
0.81 g zinc oxide nanoparticle aqueous dispersion (2.5 mmol, 50 wt%) was first diluted in 30 
mL water. 1.23 g (7.5 mmol) of 2-methylimidazole (2-MeIm) was dissolved in 10 mL water and 
then added to ZnO dispersion under vigorous stirring at room temperature. The mixture solution 
was stirred for 10 min, centrifuged and washed with water and ethanol several times. The 
collected product was dried under vacuum at 150 °C to remove residual water. To monitor the 
growth of amZIF, 1 mL solution was extracted and promptly centrifuged at 2, 6, 10 and 30 min, 
washed several times with ethanol, and dispersed on silicon chips for SEM characterization. 
5.2.2 Solvothermal conversion of amZIF 
Water, N-methyl-2-pyrrolidone (NMP), N, N’-dimethylformamide (DMF) and ethanol (EtOH) 
were tested as solvents for the solvothermal conversion of amZIF. Typically, 100 mg amZIF was 
added to 5 mL solvent and sonicated for 5 min. The suspension was then heated at 70 °C for up 
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to 3 hours, during which the suspension is sampled at different time to examine the morphology 
of the product by SEM. The solid product was centrifuged, washed with ethanol and dried under 
vacuum at room temperature.  
In the reaction in molten 2-MeIm, 100 mg amZIF was mixed with 500 mg 2-MeIm and 
ground for 5 min. The mixture was then loaded into the bottom of a test tube and heated for 2,6 
and 10 min in an oil bath preheated at 160 °C. The test tube is removed from heating and water is 
added immediately to quench the reaction. The product is then centrifuged, washed with ethanol 
and dried under vacuum at room temperature. 
5.2.3 Aerosol spray synthesis of ZIF-8 microspheres 
The experimental setup of the ultrasonic spray pyrolysis (USP) apparatus for the aerosol 
synthesis is shown in Figure 5.1. 0.81 g zinc oxide nanoparticle aqueous dispersion (2.5 mmol, 
50 wt%) and 0.41-1.64 g 2-MeIm (2.5-10 mmol, 1-4 equiv.) was mixed in 30 mL water. A 1.7 
MHz piezoelectric transducer was used to nebulize the precursor solution into micrometer-sized 
droplets. The mist was then carried through a furnace (set at 170-260 °C) by argon at 1 SLPM. 
The materials were collected in bubblers filled with ethanol, centrifuged and washed with 
ethanol several times. The washed product was then dried at 150 °C under vacuum overnight. 
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Figure 5.1. The experimental setup of ultrasonic spray pyrolysis (USP) apparatus used in the 
Suslick lab for the preparation of micro-structured materials. 
5.2.4 Kinetics of ZIF-8 catalyzed Knoevenagel reaction 
The Knoevenagel reaction between benzaldehyde and malononitrile using ZIF-8 as the 
catalyst was performed according to previous literature
21
 with some modification. A mixture of 
ZIF-8 microsphere or solid crystal (30 mg), benzaldehyde (0.1 mL, 0.85 mmol), and mesitylene 
(0.1 mL, 0.72 mmol) as an internal standard was placed into a vial containing 2 mL of toluene. 
The reaction vessel was stirred for 5 min to disperse the ZIF-8 in the liquid phase. A solution of 
malononitrile (0.1 g, 1.5 mmol) in toluene (1 mL) was then added, and the resulting mixture was 
stirred at room temperature for 8 h. To monitor the conversion of benzaldehyde, ~0.3 mL 
solution from the reaction mixture was withdrawn at different time intervals and quenched with 
acetone. The solution is further centrifuged to remove precipitate and analyzed by 
1
H NMR with 
reference to mesitylene.  
Monodispersed ZIF-8 crystals with ~2.3 μm particle size were synthesized as a control.22 
0.175 g Zn(CH3COO)2) and 0.263 g 2-methylimidazole were dissolved in 20 mL methanol, 
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respectively. Then the solutions were mixed together and aged at room temperature for 24 hours. 
The product was centrifuged and washed several times with methanol, and dried at 150 °C in 
vacuum overnight to remove residual solvent. 
5.2.5 Instrumentation 
Transmission electron microscopy (TEM) micrographs were obtained on a JEOL 2010 
microscope with an accelerating voltage of 200 kV. Scanning electron microscopy (SEM) 
micrographs were obtained on a Hitachi S-4800 microscope operating at 10 kV. An image 
analysis software package, ImageJ, was used to measure nanoparticle sizes. Elemental analysis 
was performed with a CE 440 CHN Analyzer and inductively coupled plasma-mass spectrometer 
by the Microanalysis Lab of the School of Chemical Sciences at UIUC. Powder X-ray diffraction 
(PXRD) patterns were obtained on a Siemens/Bruker D-5000 XRD using Cu Kα radiation. Three 
point Brunauer-Emmitt-Teller (BET) specific surface areas and nitrogen adsorption isotherms 
were measured using a Quantachrome Nova 2200e system at 77 K. 
5.3 Results and discussion 
5.3.1 Preparation of amZIF 
ZIF-8 (ZIF for zeolitic imidazolate framework) has a sodalite(SOD) type network composed 
of tetrahedral-coordinated Zn
2+
 centers, bridged by 2-methylimidazolate (2-MeIm) ligands. Its 
exceptional adsorption property and stability has attracted broad interest into its synthesis and 
applications. One of the interesting features of ZIF-8 heterogeneous crystallization through direct 
reaction between zinc oxide (ZnO) and 2-MeIm ligand,
23,24
 which allows the controlled 
positioning of ZIF-8 as dictated by the ZnO template for the fabrication of various nanostructures.  
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Figure 5.2. (a) PXRD pattern, (b) SEM and TEM image (inset) of as-synthesized amZIF 
nanoparticles. Scale bars are 200 nm. 
We started our research by directly reacting ZnO nanoparticle with 2-MeIm in water at room 
temperature. Surprisingly, powder X-ray diffraction (PXRD) pattern of the product shows no 
characteristic peaks of crystalline ZIF-8 (Figure 5.2(a)); in contrast, a broad band appear at 13.5°, 
which is identified as an amorphous isomorph of ZIF-8 (denoted as amZIF) that was previously 
reported after ball milling treatment of ZIF-8.
25-27
 Some residual ZnO is observed at higher 
angles. SEM images show the product consists of spherical particles with an average diameter of 
~250 nm (Figure 5.2(b)), as opposed to the well-defined crystallites from reaction of ZnO and 2-
MeIm in ethanol.
24
 In TEM images (Figure 5.2(b), inset), the amZIF particles appear to be solid 
spheres with remnant ZnO nanoparticles embedded in the matrix. Elemental analysis confirms 
the composition of the product is similar to that of ZIF-8 (Table 5.1), although with a slightly 
higher Zn and O content due to presence of small amount of residual ZnO. Unlike ZIF-8, the 
amZIF phase is almost nonporous and has a BET surface area of only 13 m
2
/g. The chemical 
stability of amZIF is also inferior to that of ZIF-8, as indicated by quick dissolution in 1 M 
aqueous NaOH solution.  
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Table 5.1. Elemental analysis of amZIF and comparison to the theoretical formula 
[Zn(C4N2H5)2]. 
 
Zn C H N O 
Calculated for 
ZIF-8 / % 
28.73 42.22 4.43 24.62 0 
Found / % 30.96 39.03 3.94 21.75 4.32 
 
The morphological evolution of the reaction mixture over time during reaction was examined 
by SEM (Figure 5.3). At first sampling at 2 minutes, the intermediate phase is composed of 
granular ZnO nanoparticles exposed on the surface of spherical colloids. By 6 min, the spherical 
phase becomes dominant and almost all free ZnO particles have been consumed. The remaining 
ZnO nanoparticles may be embedded during the rapid growth of amZIF particles, which prevents 
them from further reaction with 2-MeIm in the solution, and explains the small amount of 
unreacted ZnO observed in the final product.  
 
Figure 5.3. SEM images of amZIF synthesized from ZnO and 2-MeIm at the reaction time of 
(a) 2min, (b) 6 min, (c) 10 min and (d) 30 min.  
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5.3.2 Phase transformation of amZIF under solvothermal conditions 
The amZIF phase was previously reported to be metastable and can be converted to other 
phases under mechanical, thermal or chemical treatment, although no detailed characterization 
on the morphological change was reported.
27
 We heated amZIF particles at 70 °C in different 
solvents to investigate its phase transformation under solvothermal conditions (Figure 5.4). For 
ethanol (EtOH) and N, N’-dimethylformamide (DMF), no morphological change was observed 
after 3 hours (Figure 5.5). 
 
Figure 5.4. Phase transformation of amZIF after solvothermal treatment. Dia(Zn) is a 
nonporous  isomorph of ZIF-8 (Ref. 28). 
 
Figure 5.5. SEM images of amZIF colloids after heated at 70 °C for 3 hours in (a) ethanol and 
(b) DMF.  
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Figure 5.6. Phase transformation of amZIF after solvothermal treatment: (a) dia(Zn) rods after 
heating at 70 °C for 3 hours in water; (b) hollow ZIF-8 crystals after heating at 70 °C for 1 hour 
in NMP; (c) intergrown ZIF-8 crystals after heating at 160 °C for 6 min in molten 2-MeIm. 
In contrast, heating in water led to the formation of ~10 μm rods (Figure 5.6(a)), which is 
dominantly dia(Zn)
28
, a dense, nonporous isomorph of ZIF-8, as identified from PXRD (Figure 
5.7). It is possible that dia(Zn) is formed via homogeneous crystallization after the dissolution of 
amZIF in water, as evidenced by exposed ZnO nanoparticles on the surface. 
 
Figure 5.7. PXRD pattern of the product after amZIF is heated at 70 °C in H2O for 3 hours.  
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Figure 5.8. PXRD pattern of the product after amZIF is heated in NMP at 70 °C for 1 hour.  
Interestingly, when heated in N-methylpyrrolidone (NMP), amZIF was completely 
transformed to cubic, hollow ZIF-8 crystals with slightly truncated edges after 1 hour (Figure 
5.6(b) and Figure 5.8). We examined the morphology of the nanoparticles as a function of time 
to study the underlying mechanism for this conversion (Figure 5.9). By 10 min, no 
morphological change was observed; at 20 min, however, about half of the amZIF particles were 
capped with ZIF-8 crowns. No standalone ZIF-8 crystal was observed, indicating a 
heterogeneous rather than homogeneous nucleation process. After 30 min, the accreted ZIF-8 
completely grew into cubic crystals, while no residual amZIF particles were observed. From our 
observation, the growth of ZIF-8 can be likely summarized by a self-template mechanism:
29,30
 
the metastable precursor amZIF has a finite solubility in NMP, providing both the nucleation 
sites and feedstock for the heterogeneous crystallization of ZIF-8 on the surface of nanoparticles, 
while concomitant sacrificial dissolution of amZIF leaves a hollow interior in the ZIF-8 cubic 
crystals.  
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Figure 5.9. SEM images of the product after amZIF is heated in NMP at 70 °C for (a) 5 min, 
(b) 10 min, (c) 20 min and (d) 30 min.  
A melt of 2-MeIm, the ligand of ZIF-8, can be used as a solvent-reactant in the synthesis of 
ZIF-8 from ZnO when it is melted above 142 °C.
23,31
 The synthesis with amZIF as starting 
material, however, has not been reported. We ground amZIF nanoparticles with solid 2-MeIm at 
room temperature and heated the mixture at 160 °C. Within 2 min, ZIF-8 phase can be clearly 
seen from PXRD pattern, and after 10 minutes, the amZIF phase is completely converted to ZIF-
8 (Figure 5.10). SEM images (Figure 5.11) show that the surface of amZIF particles is readily 
covered by the formed ZIF-8 crystallites at 2 min, which undergo crystal aging that merges 
crystallites and gradually smooths the surface of the nanoparticles. Importantly, interparticle 
growth of ZIF-8 led to intergrown, oligomeric blocks but not completely agglomerated rods 
(Figure 5.6(c)), which are distinct from the discrete crystals observed in NMP or previously 
reported self-templated MOF structures prepared from particle precursors.  
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Figure 5.10. PXRD pattern of the product after amZIF is heated in molten 2-MeIm for 2, 6 
and 10 min.  
 
Figure 5.11. SEM images of the product after amZIF is heated in molten 2-MeIm at 160 C for 
(a) 2, (b) 6 and (c) 10 min. 
From the above study, we found that the morphology of the ZIF-8 product can be controlled 
by using different solvents in the solvothermal conversion of amZIF. The underlying mechanism 
may be explained in terms of the mobility difference of dissolved precursor species in different 
solvents during the dissolution-crystallization process: the higher mobility in NMP facilitates 
solute transport and growth of preferred crystallization facets, whereas molten 2-MeIm limits the 
diffusion of dissolved species, resulting in highly localized crystallization that occurs on the 
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surface of individual template amZIF colloids or in the interstitial space between amZIF colloids 
in proximity.  
5.3.3 Spray synthesis of ZIF-8 microspheres 
The interstitial crystallization of amZIF in molten 2-MeIm provides a solid mechanical 
support that can be utilized in the construction of an extended, hierarchical MOF superstructure; 
another prerequisite for this process, however, is the spatial organization of the precursor amZIF 
colloids into a close contact pattern that allows interstitial crystallization to occur. We take 
advantage of evaporation-induced self-assembly (EISA)
32
 to solve this problem and conducted 
the experiment in an aerosol flow process based on our previously developed ultrasonic spray 
pyrolysis (USP) apparatus. Typically, the precursor solution, i.e., mixture of 2-MeIm and ZnO in 
aqueous solution, is atomized into μm-sized droplets by a piezoelectric transducer that generates 
1.7 MHz ultrasound in a modified household humidifier (Figure 5.1).
14
 The droplets are then 
carried by argon flow into a tube furnace preheated to 220 °C, where water evaporation, solute 
condensation and crystallization of ZIF-8 occur upon heating. Finally, the product is collected in 
bubblers filled with ethanol.  
 
Figure 5.12. Representative SEM images of USP products prepared at 220 °C furnace 
temperature with varying [2-MeIm]/[ZnO] ratios in precursor solutions, as labelled in figures.  
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We began with a precursor solution containing 2-MeIm:ZnO in the stoichiometric ratio of 2:1. 
The USP product (Figure 5.12 and Figure 5.13) consists of 1-5 μm microspheres made up from 
secondary ~250 nm amZIF colloids that are formed in situ upon mixing the precursors. The 
neighboring amZIF colloids are in close contact with each other, confirming the effect of EISA 
during the evaporation stage.  
 
Figure 5.13. SEM images of USP products using different ratios of [2-MeIm]/[ZnO] in 
precursor solution, as labelled for each column. Surface details of the microspheres are shown in 
the third row. 
We then adjusted the ratio of 2-MeIm to ZnO in the precursor solution, i.e. [2-MeIm]/[ZnO], 
which is the critical parameter that determines the composition of the condensed reaction 
mixture and the crystallinity of the final product during the dynamic USP process. Below the 
stoichiometric ratio of 2:1, all 2-MeIm is consumed after the in situ formation of amZIF, and no 
liquid phase remains after the evaporation of water, while at [2-MeIm]/[ZnO] greater than 2:1, 
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excess 2-MeIm serves as the molten solvent and promotes crystallization to ZIF-8. From SEM 
images, compared to the neat amZIF colloids in the 2:1 product, at 3:1 ratio the voids between 
amZIF colloids start to be filled by crystallized ZIF-8, and in 4:1 product sharp edges of ZIF-8 
crystals are developed.  
 
Figure 5.14. PXRD pattern of the USP products prepared at different [2-MeIm]/[ZnO] ratios. 
 
Figure 5.15. BET surface area of USP products as a function of the [2-MeIm]/[ZnO] ratio in 
the precursor solution. 
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Similarly, PXRD of the products (Figure 5.14) shows a mixture of amZIF and ZnO at 2:1, and 
when loading of 2-MeIm increased, ZIF-8 phase of the product was significantly enhanced in 1:3 
and 1:4 products, along with decreasing amZIF and ZnO intensity. Therefore, the excess 2-MeIm 
accelerated the crystallization to ZIF-8 as expected.  
Another quantitative metric to evaluate the composition of the product is the porosity of the 
solid as determined from BET surface area: amZIF is nonporous, while ZIF-8 has a high surface 
area value of over 1000 m
2
/g. As seen in Figure 5.15, the BET surface area increases from 97 
m
2
/g in the 1:1 product to 917 m
2
/g at 4:1, with the most dramatic rise above 2:1, confirming the 
critical role of molten 2-MeIm in crystallization.  
 
Figure 5.16. (a) SEM image of a ZIF-8 microsphere after NaOH etching and (b) its surface 
details, showing the macropores outlined by the ZIF-8 crystallites. (c) Schematic illustration for 
the evolution of a single droplet during the USP process that leads to the formation of hollow 
ZIF-8 microspheres. 
The 1:3 product was of particular interest to us because of its ZIF-8/amZIF hybrid structure. 
To reveal the spatial arrangement of ZIF-8 in the composite, the 3:1 product was etched with 0.1 
M aqueous NaOH solution (denoted as 3:1-etched) to remove the amZIF phase. The 3:1-etched 
sample exhibits well defined porous structure that resembles the inverse opal structure of close 
packed shells (Figure 5.16). Close examination of the surface shows the structure is constructed 
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from interconnected ZIF-8 crystallites surrounding the cavities left by the amZIF colloids. As 
demonstrated in broken and sliced samples (Figure 5.17), the internal structure is also highly 
porous with interconnected cavities that are 100 nm in size. TEM shows that the porous 
microspheres consist of granular crystallites (Figure 5.18). 
 
Figure 5.17. SEM images of 3:1-etched ZIF-8 microspheres: (a) a broken ZIF-8 microsphere 
and (b) a microtome of ZIF-8 microsphere embedded in epoxy resin. 
 
Figure 5.18. TEM images of USP product ([2-MeIm]/[ZnO]=3:1) before (a) and after (b) 
NaOH solution etching. 
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From the above observations, a scheme for the evolution of aerosol particles can be 
summarized as following (Figure 5.19). First, precursor solution containing in situ formed 
amZIF (and 2-MeIm if it is in excess) is nebulized and carried by gas flow into the furnace. 
Upon heating, water is evaporated from the droplet, leading to the self-assembly of amZIF 
colloids, with 2-MeIm filling the inter-colloid voids. At higher temperature, 2-MeIm is melted 
and ZIF-8 crystallization is initiated on the surface of amZIF exposed to 2-MeIm. Thus, the 
widely applied strategy of using metastable nanoparticles in the self-templated synthesis of 
hollow nanostructures
33
 can be extended to construct 3D structures by concerted self-assembly 
and interstitial crystallization. Furthermore, the overall reaction time is also significantly reduced 
compared to the traditional batch reactions by incorporating the separation of amZIF from water 
and crystallization of ZIF-8 into a continuous aerosol process. 
 
Figure 5.19. Scheme for the formation of hierarchical ZIF-8 microspheres via USP. Scale bars 
are 200 nm. 
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5.3.4 Kinetic study  
We measured the catalytic activity of the 3:1-etched product in Knoevenagel condensation 
reaction (Figure 5.17) between malonic acetone and benzaldehyde as a kinetic probe to evaluate 
the mass transport performance of its hierarchically porous structure.
21
 This reaction is catalyzed 
by the pendant 2-MeIm groups on the surface of ZIF-8, which serve as a Lewis base to facilitate 
the deprotonation of malononitrile. The high external surface area in the hierarchically structured 
microspheres is expected to be beneficial in providing a large amount of surface catalytic site. 
For comparison, solid ZIF-8 single crystals of ~2.3 μm prepared from direct crystallization of 
zinc acetate and 2-MeIm in methanol
22
 were used as a control, and the same mass loading was 
used for both measurements. 
 
Figure 5.20. (a) Reaction scheme of Knoevenagel reaction. (b) The reaction between 
benzaldehyde and malononitrile catalyzed by ZIF-8. 
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Figure 5.21. Conversion of benzaldehyde catalyzed by USP microspheres and single crystals 
of ZIF-8. 
 
The conversion kinetics of benzaldehyde in the reaction is shown in Figure 5.21. By 2 hour, 
the conversion of benzaldehyde catalyzed by USP microspheres reaches 18%, while only 10% 
conversion was measured for solid crystals. At 4 hour the conversion ratio is 47% with USP 
microspheres versus 26% with solid crystals, i.e., the catalytic activity of USP microspheres is 
almost double that of the solid crystals at the same mass loading. Nevertheless, the USP 
microsphere shows slower kinetics after 4 hours, possibly due to the mechanical damage from 
the magnetic stirrer and subsequent agglomeration that reduces the total external surface. 
5.4 Conclusions  
We have synthesized the colloids of an amorphous isomorph of a prototypical MOF ZIF-8. The 
crystallization of amZIF to ZIF-8 is promoted by the presence of 2-MeIm ligand, and this novel 
reactivity can be adapted into an aerosol process to prepare ZIF-8 microsphers with 
hierarchically porosity. Given the abundant examples of self-templated synthesis, this scheme 
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could be extended and generalized into a new strategy in the synthesis of other hierarchically 
structured materials in the future. 
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APPENDIX A: EXAFS FITTING RESULTS 
 
 
  
A.1. Fitting results of the R-space EXAFS spectrum of UiO-66 as prepared (FT range: 3.5-12.5 
Å
-1
; fitting range: 1.25 -3.48 Å). 
 
 
 
 
 
A.2. Fitting results of the R-space EXAFS spectrum of UiO-66 after compression at 0.4 GPa (FT 
range: 3.5-12.5 Å
-1
; fitting range: 1.25 -3.48 Å). 
 
Scatterer Zr-Ocoo Zr-Oµ3-O Zr···Zr 
Coordination 
Number 
4.0 4.0 4.0 
Bond 
Distance (Å) 
2.27 2.12 3.53 
σ2 0.002 0.005 0.004 
Scatterer Zr-Ocoo Zr-Oµ3-O Zr···Zr 
Coordination 
Number 
3.0 4.0 2.5 
Bond 
Distance (Å) 
2.29 2.14 3.54 
σ2 0.003 0.006 0.004 
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A.3. Fitting results of the R-space EXAFS spectrum of UiO-66 after compression at 0.8 GPa (FT 
range: 3.5-12.5 Å
-1
; fitting range: 1.25 -3.48 Å). 
 
 
 
 
 
   
A.4. Fitting results of the R-space EXAFS spectrum of UiO-66 after compression at 1.9 GPa (FT 
range: 3.5-12.5 Å
-1
; fitting range: 1.25 -3.48 Å). 
 
Scatterer Zr-Ocoo Zr-Oµ3-O Zr···Zr 
Coordination 
Number 
2.2 4.0 2.4 
Bond 
Distance (Å) 
2.30 2.14 3.54 
σ2 0.002 0.004 0.010 
Scatterer Zr-Ocoo Zr-Oµ3-O Zr···Zr 
Coordination 
Number 
1.9 4.0 2.1 
Bond 
Distance (Å) 
2.33 2.16 3.54 
σ2 0.003 0.004 0.010 
